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VERSUCHE ZUR ENTDECKUNG NEUER 
FUNGISTATIKA—I 
PHENOL-DERIVATE 


Tipor ZSOLNAI, 
Das hygienische Institut der Medizinischen Universistat von Debrecen 


Ungarn, Vorstand, Germany 


(Received 18 March 1960) 


Abstract he fungical action of 260 phenol derivatives on a variety of fur incubated 
in various liquid and solid media. Information concerning the mode of action of the 
most active members was obtained by determining the influence of added substanc 


and of pH on the killing action. The fungi were protected by the addition « 


proteins as well as by a variety of lipids. It was concluded that these phen 


inhibit any one particular biochemical process but have a non-specific denaturing 


action on the cell wall 


Dit durch verschiedene menschenpathogene Pilzarten verursachten Krankheiten 
nehmen eine wichtige Stelle in der Menschenpathologie an und ihr klinisches Vorkom- 
men in der Form von inneren und dusseren Mykosen ist ziemlich verbreitet 

Der Schutz ihnen gegeniiber, bzw. die Heilung der entwickelten Krankheiten ist 
zurzeit noch nicht erfolgreich genug—trotz dem Umstand, dass im Laufe der vorigen 
Jahrzehnte verhaltnismissig umfangreiche Untersuchungen unternommen wurden im 
Interesse der Entdeckung neuer Fungistatika von ausreichender Wirkung, und dass 
diesbeziigliche Forschungen in unseren Tagen in immer grésseren Umfange gefiihrt 
werden (siche die Literatur'~*° in Bezug auf die fungistatische Wirkung der Phenol- 
Derivate) 

Eben deshalb haben wir entschlossen, die in vitro ausgeiibte fungistatische Wirkung 
einer grossen Anzahl von Verbindungen zu untersuchen, und die Abhangigkeit ihrer 
fungistatischer Wirkung von threr chemischen Struktur zu erforschen, und zwar zu 
dem Zwecke, dass wir die wihrend unserer Untersuchungen erziclten Resultate und 
Erfahrungen im Laufe unserer folgenden Forschungen auf theoretischer Linie zur 
Entdeckung weiterer Fungistatika verwenden mégen, andererseits aber im Interesse 
der klinischen Therapie von Dermatomykosen anwenden kénnen 

Im Laufe unserer Forschungen wurde die fungistatische Wirkung der zu den ver- 
schiedensten Gruppen gehérenden Verbindungen (so auch die der Phenol-Derivate) 


auf menschenpathogene und auch auf apathogene Pilzstimme sowohl auf fliissigem 
als auch auf festem Nahrboden untersucht. Die Mehrzahl der Verbindungen hat Ver- 
fasser selbst mittels der in der chemischen Fachliteratur bekannten Methoden syn- 
thetisiert; eine kleinere Anzahl derselben stand ihm dagegen als Handelsprodukt von 
“pro analysi’’, Reinheitsgrad zur Verfiigung. 


UNTERSUCHUNGSMETHODE 
Fiir unsere Experimente haben wir das durch Uri und Mitarbeiter® fiir Pilz-Ziichtung 
hervorragend bewahrt gehaltene Maische-Kulturmedium gebraucht. 
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Die Herstellung des Nahrbodens erfolgte folgendermassen: Zu | kg fein gemahlter 


durch 30 Minuten fortwahrend umgeriihrt. Den Forschritt der Zuckerbildung haben 
wir durch Jod-Probe kontrolliert; dann wurde die Temperatur sehr langsam, unge- 


gemaischter Gerste wurde 11 |. Brunnenwasser gegeben und an 45 “C Temperatur 


Minuten stufenweise bis 72 C erhéht. Als die Jod-Probe sich als 
de das Gemisch nach Bewahren der Temperatur fiir weitere 15 
72 griindlich gekocht—im Interesse der Vernichtung der Zucker- 
Enzyme—dann filtriert und durch zwei folgende Tage an 
h durch 5 Tage sich setzen gelassen. Danach wurde das 


Papiersicb durchgeseiht, auf pH 6,0-6.2 eingestellt und dann 


e Maische-Nahrboden wurde mit 3 Agar in der Form eines 
A\gar-Nihrbodens” oder nach Zugabe von 56 C inaktivisierten 
fliissiger Serum-maische-Nahrboden”™ angewandt 


les Maische-Ag: wie auch des Serum-Maische-Nahrbodens 


yholische oder wisserige Lésung der untersuchten Verbindungen 
-Naihrboden auf zehnfaches Volumen verdiinnt. Aus den so ge- 
Lésungen, homogenen Suspensionen oder Emulsionen ausge- 
auf flissigem Serum-Maische-Nihrboden vorgenommenen Ver- 
chen Serien-verdiinnungsmethode durchgefiihrt. Die untersuchte 
niedriegst erdiinnung der Verbindungen war 1:5000. Das Inoculum bildete je ein 
Tropfchen eu poren-Suspension, welche aus der zehn-tigigen auf schiefem Maische 
Avar-Ndhrboden gewachsenen Kultur der zu den Versuchen gebrauchten Pilzstamme 
mittels 10 ml steriler physiologischer Kochsalz-Lésung gewonnen wurde 
Die Pilzstimme. welche zu den auf fliissigem Nahrboden ausgefiihrten Versuchen 
verwendet wurde! aren folgende 
(1) Penicilliun iplicissimum 
3) Trice hnothecium roseum 
(4) Candida albicans 
(5) Achorion quinckeanum 
(6) Trichophyton evypseum 
(7) Epidermophyton Kaufman- Wolff 
Die Inkubationszeit der Pilzstamme von Nr. 1-4 war 5 Tage, die der Nr. 5-7 aber 10 
Tage. Temperatur: 30 “C 
Bei der Auswertung der Ergebnisse haben wir fiir eine Grenzverdiinnung von fun- 
gistatischer Wirkung der untersuchten. Verbindungen jene Konzentration genommen, 
worin nach Verlauf der Inkubationszeit keine Spur des Wachstums der Pilze mehr zu 
erfahren war 
Die in der Tabellen stehenden Ziffern bezeichnen die Reziprokwerte jener Ver- 
diinnung der einzelnen Verbindungen, welche zur vollkommenen Entwicklungshem- 
mung fiihren 
Insofern die einzelnen Verbindungen in den im Laufe der Versuchen angewandten 
niedrigsten Verdiinnung (d.h. in 1:5000) nur eine teilweise Entwicklungshemmung 
herbeifiihren konnten, wurde diese hemmende Wirkung noch bezeichnet. Die Art 
der Bezeichnung in den Tabellen ist: (5000). Eine tei/weise Entwicklungslihmung, die 
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sich bei einer grésseren Verdiinnung als 1:5000 noch eventuell zeigte, wurde nicht 
mehr in Betracht genommen, sondern fiir volles Wachstum angesehen. Wir betrach- 
teten eine Verbindung als unwirksam, wenn sie in der angewandten niedrigsten 
Verdiinnung (also in 1 :5000) keine fungistatische Wirkung hat. Wir bezeichneten dic 
Unwirksamkeit der Verbindungen in den Tabellen mit dem folgenden Zeichnen: ““—" 

Aus jeden Konzentrationen einer jeden Verbindung haben wir innerhalb einer 
Versuchsserie einzeln drei Parallelen angewandt und jede Versuchsserie dreimal bis 
viermal reproduziert. Die erzielten Ergebnisse haben sowie bei den einzelnen Parallelen, 
wie auch bei den zu verschiedenen Gelegenheiten eingestellten identischen Versuchs- 
serien praktisch eine gute Ubereinstimmung gezeigt—abgerechnet eine geringe Streu- 
ung und unbedeutende Abweichungen 

In feste Maische-Agar-Platten von 6,4 mm Dicke wurden Lécher von 10 mm Durch- 
messer eigebohrt. Danach wurde eine Menge von 0,5 ml der 0.2 -igen Lésung, 
homogenen Suspension oder Emulsion der untersuchten V erbindungen in die Lécher 


emgemassen. Diese Lésungen, Suspensionen oder Emulsionen wurden so dargestellt. 


dass wir eine Menge von 0,5 ml der 2 -igen alkoholishchen oder wisserigen Lésung 


der Verbindungen zu 4.5 ml aufgeschmolzenem Maische-Agar-Nahrboden gaben 
und gut vermischten 

Die Menge der untersuchten V erbindung in den Léchern der Agarplatte betrug so 
je 1.0 mg, der Grad ihrer Anfangskonzentration 1:500, welche Konzentiation durch 
die Diffusion in dem umgebenden Nahrboden immer mehr abnahm; demgegeniiber 
erhéhte sich die in dem umgebenden Nahrboden anwesende Konzentration der 
Verbindungen auf parallele Weise 

Nach der Erstarrung des “‘chemikalischen Agars” in den gebohrten Léchern des 
Nahrbodens wurden die Kulturmedien enthaltenden Agar-Platten mit einer Sporen- 
Suspension eingeimpft, welche aus der zehn-tagigen auf schiefem Maische-Agar- 
Nahrboden gewachsenen Kultur der zu den Versuchen gebrauchten Pilzstimme mit- 
tels 10 ml steriler physiologischer Kochsalz-l Osung gewonnen wurde. Diese Sporen- 
Suspension wurde dann auf der Oberflaiche des Nahrbodens gleichmassig verteilt 

Die eingeimpften festen Nahrboden-Platten wurden dann an 30 °C Temperatur in- 
kubiert und die erzielten Ergebnisse nach 5 Tagen Inkubationszeit abgelesen. Die 
Auswertung der Resultate erfolgte so, dass wir die Durchmesser der rundférmigen 
Gebiete, innerhalb welcher das Pilz-Wachstum gehemmt wurden, abgemessen und 
in mm ausgerechnet haben 

Die Ergebnisse der aur festem Nahrboden vorgenommenen Versuchen, wie sie in 
den Tabellen stehen, sind durch die Ziffern ausgedriickt, welche die Durchmesser 
dieser wachstumsgehemmte Gebiete, dieser “Ausléschringe” bedeuten, in mm 
ausgedriickt. 

In einer Petri-Schale wurden auf einmal drei bis fiinf Verbindungen untersucht (als 
Ausnahme, bei Versuchen mit Verbindungen von besonders grosser Wirkung nur 
eine auf einmal); innerhalb einer Versuchsserie haben wir zwei Parallelen verwendet 
und jede Versuchsserie dreimal bis viermal wiederholt. 

Die Werte beim Ablesen der einzelnen Parallelen innerhalb einer Serie. sowie jene 
Werte, die wir bei der wiederholten Einstellung dieselber Versuchsserien erhielten. 
stimmten miteinander ziemlich gut iiberein, abgerechnet cine Schwankung von 

10-15°,, was bei Untersuchung dieses Typus gar nicht umgewO6hnlich zu werten 
ist. 
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Die Pilzstimme. die zu den auf festem Nahrboden angestellten Versuchen gebraucht 
wurden, waren folgende: 

(1) Penicillium simplicissimum. 

(2) Aspergillus nigei 

(3) Trichothecium roseum. 

(4) Candida albicans 


(5) Saccharom y cerevisiae 


Bei der fiir unsere Untersuchungen angewandten Methode haben sich bloss die 


verhiltnismiissig intensiv wirkenden Verbindungen als fungistatisch wirksam bewiahrt 
Dieienige Verbindungen. welche bei Versuchen auf fliissigem N&ahrboden nicht einmal 
in der Konzentrat von 1:5000 eine giinzlich (oder weinigstens teilweise) hemmende 
Wirkung auf das Wachstum der Pilze ausiiben konnten und bei den Versuchen auf 
festem Nihrboden ein wachstumslosses Gebiet von 10 mm Durchmesser nicht her- 
beifiihren konnten. sich als inaktiv bewahrten, und haben wir sie in der Tabellen mit 
dem Zeichen gemerkt 


Bei der Ubersicht der in den Tabellen angegebenen Ergebnisse wird in zahlreichen 
Fallen wohl aufi n, dass zwischen der Intensitét der fungistatischen Wirkung, 
Welche dieselbe Verbindung auf denselben Pilzstamm einerseits auf fliissigem, anderer- 


seits auf festem Nihrboden ausgeiibt hatte. manchmal jedoch erhebliche Unterschiede 


vorkommen 
Die Ursache dieses Unterschiedes ist vor allem ein physikalisch-chemisches Prob- 


m: die Erérterung dieses Problems gehért nicht zur Zielsetzung dieser Mitteilung 


ERGEBNISSI 


ersuchung der fungistatischen Wirkung der Phenol-Derivate er- 
haltenen Resultate sind in Tabellen 1, 2 und 3 zusammengefasst. Die Zeichener- 
klarung dieser Tabellen s. bei der Untersuchungsmethode 


*henol-Derivaten der Tabelle | und 2, welche in der Tabelle 3 


nicht aufgefiihrt sind, iibten auf festem Maische-Agar Nahrboden keine fungistatische 


Wirkung auf die zu den Versuchen verwendeten fiinf Pilzstéamme aus. 


TABELLE |. DIE FUNGISTATISCHE WIRKUNG VON PHENOL-DERIVATEN AUF FLUSSIGEM 
SERUM-MAISCHE NAHRBODEN 


S000 $000 

S000 S000 

S000 S000 

(S000 $000 S000 
$000 S000 S000 

S000 S000 $000 

10 000 10 OOO 10 OOO 10 000 
$000 $000 10 000 10 000 

$000 $000 S000 

$000 $000 10 000 10 000 

$000 $000 5000 $000 

$000 $000 $000 
4-n-Octyloxy-phe 5000 $000 $000 $000 
4-Propiony!-p! 5000 $000 $000 


: 
4 
= 
= 
= 
96C 
le 
a 
ae 
4 
eee 
| 
Per um A Trichot Ca a Trick 
N Verbir heciur a ” phytor Kau 3 
Fé 
7 
F8 
F 10 
Fill 
F 13 xa 
Fi4 
15 
F 16 ae 
a 


Versuche zur entdeckung neuer fungistatika 


TABELLE |—continued. 


Verbindungen 


F 17 2-Cl phenol $000 5000 §000 §000 
F 18 4.( ¢ ) 10 000 5000 10 000 $000 10 000 10 000 10 000 
Fi9 4-B ) 10 000 5000 10 000 $000 10 000 10 000 10 000 
F 20 2-Jod-4-chik heno 10 000 10 000 10 000 10 000 25 000 25 000 25 000 
F/2 2:4-D pher 10 000 $000 10 000 10 OOF 10 000 10 000 10 000 
F 22 2 1) 4.c} r-pheno 10 OOO 10 OOO 10 000 if ww) 10 OOO 10 OOO ] O00 
F? 1) i-4-chlor-phen 10 000 10 000 10 000 10 000 25 000 25 000 25 000 
F 24 > -4-D 6-cl phen 10 000 10 000 10 000 10 Om 10 000 25 000 25 000 
F/25 41-D 1-6-chlor-p! ) 10 000 10 000 25 000 10 000 25 000 25 000 25 000 
F 26 2 4. 6-1 pher 10 000 Onn 10 000 10 000 10 000 10 000 10 000 
F/27 2 4. 6-Triwod hen 10 OOO SO00 10 OOO SOOO 10 000 10 000 10 000 


10 000 


10 OOO 0 000 S000 10 000 10 000 10 OO 


10 000 10 OOO 10 000 » 000 10 000 10 000 10 000 


§ 000 


10 Om S000 10 000 S000 10 000 10 000 


I ! 6-Jod-2 4 thy hen SO S000 10 000 $000 10 000 10 000 000 


10 000 


10 000 


10 000 


» 000 25 000 25 000 25 000 


10 000 10 000 SOM 25 000 10 000 25 000 


F 34 2 Dijod-4 t r 10 000 10 000 10 000 0 000 25 000 25 000 25 000 


F 35 4p ett en $000 10 000 10 000 sun O00 10 OOK 25 000 


10 OOF 10 000 25 000 0 000 5 000 25 000 25 000 


10 10 000 000 10 000 25 OM 25 000 25 000 


10 O00 10 OOO 10 000 SOOO 25 000 10 000 25 000 
10 OOO 10 OOO 10 000 S000 25 000 10 OOO 25 000 


} 000 25 000 25 000 25 000 


10 000 10 000 


0 OOO 


2 


$000 $000 5 Om ) 000 25 000 25 000 25 000 


25 000 10 000 25 000 


SOOO S000 25 000 S000 


5000 S000 10 000 25 000 25 000 25 000 
F 44 4 jroxv-dipheny (S000 $000 $000 10 000 S000 $000 


§000 5000 


$000 $000 $000 10 000 10 000 10 000 


10 000 10 000 10 000 


5000) (5000) (5000) 


$000 5000 5000 
F 53 )-B 4-propiony!-phen 5000 10 000 10 000 10 000 25 000 25 000 25 000 
(5000) $000 $000 10 000 


S$ P techin 10 000 10 000 10 000 


cater 

F $7 Hydrochinon 10 000 10 000 10 000 
F 58 P ‘ 25 000 25 000 25 000 
F 62 4-n-Hexyl-resorzin 10 000 5000 10 000 10 000 10 000 10 000 
F 64 Tetrabrom-pyrocatechin $000 5000 $000 
F 65 2 - 6-Dibrom-resorzin $000 (5000) 10 000 25 000 25 000 25 000 
I 5 metny 


resorzin S000 $000 5000 5000 10 000 


5000 5000 10 000 10 000 


2- benzaldehyd $000 5000 10 000 $000 25 000 10 000 25 000 : 
F 72 4-hydroxy-benzaldehyd 5000 5000 5000 
F7 2-Hydroxy-5-brom- 
ildehyd 5000 5000 10 000 10 000 10 000 10 000 


carbonsduren und 


F 79 2-Hydroxy-5-jod- 


benzoesaure 
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- 
il. Die Halogen—Derivate 
Ml Ha en ul 
F 28 Jod-4-met 
F 29 4-di thy 
F 6-Br ) : 4-dimethy!l- 
F 3? 2 Dichlor-4-methy 
F 33 2 : 6-Dibrom-4-methyl- 
a F 3 4-D 
F D r-3 : 4-dimetl 
F 4) 2:6-D n-3 : 4-dimethy 
= 
F 42 Dijod-3 4-dimethy 
F 4 s-D n-4-hydroxy 
IV. Unsubstits te und 
F 68 2:6-D 4-n-hexy 
VI. Phe 
ih 
3 
5000 5000 5000 


Tipor ZSOLNAI 


TABELLE 1—covtinued. 


4spergilius Trichot- Candida Achorion Tricho 


niger heciun albicans quin phyton A auf man- 


Nr Verbindungen 


mum roseum Aeanum evpseum 


5000 S000 S000 $000 


S000 5000 S000 


(S000) 10 000 10.000 10 000 


10 000 


10 000 10 000 


10 000 10 000 10 000 


10 000 10 000 10 OOO 


S000 S000 S000 


S000 S000 10 000 10 000 10 000 


10 000 10 000 25 000 


10 000 


10 000 25 000 


25 000 10 000 5000 


(S000) S000 S000 S000 10 000 0 000 


5000 


S000 000 


$000 $000 $000 


(S000) (5000 


SOOO) 


10 OOO 10 000 10 OOO 0 OOO 


S000 10 000 10 000 10 000 


S000 


25 000 25 000 25 000 


$000 25 000 10 000 25 000 


10 000 10 000 0 000 


10 000 10 000 000 


10 000 10 000 O00 


F 109 l- Naphte 10 000 0 000 10 000 10 000 10 000 10 000 000 
File t 10 GOO 10 O00 10 OOO 10 O00 10 OOO 1000 
Hydroxy-I-1 jcehvd 10 000 10 000 10 000 10 000 10 000 10 000 
F 1i2 ( ht 10 000 10 000 10 000 10 000 10 OOO 10 000 0 000 
Fii3 10 000 S000 10 000 S000 25 000 25 000 OOO 
I 14 10 000 10 000 10 000 10 000 28 000 10 000 O00 
Fis 1-B ? 10 000 10 000 10 000 10 000 25 000 25 000 »< OOO 
2: 2'-D 


dinapht me 5000 S000 S000 


F120 2-A t 10 000 10 000 10 000 10 000 25 000 25 000 >5 000 
I ! 4-A 25 000 25 000 >5 000 
12 4-Metl 25 000 25 000 000 
F 12 2:4: 6-Trit 


S000 S000 


5000 


5000 S000 


S000 S000 


S000 


5000 


S000 $000 


n-(4:5 SO00 10 000 10 000 10 000 10 000 


S000 5000 10 000 5000 10 000 


(S000) S000 10 000 10 000 10 000 


2 
ag 6 
Epidermo- 
Perici 
- 
F 80 2-Hydroxy-3 : 5-dijod 
 2-Hydroxy-benzoesdure-n 
F 89 2-Hydroxy-benzoes 
4 F 90 2-H ydroxy-benzoesaure 
4-Hydroxy-benzoesaure 
mett ter 
j F 92 4-Hydroxy-benzoe re ete 
4-Hvyd xv-benz jure 
butyl-ester 5000 5000 
F94 4-Hydroxy-benzoesdure-» 
F 9S 4-Hydroxy-benzoes 
F96 2-Hydroxy-S-br 
F 97 2-Hydroxy-S-t 
_ benzoesau ester 
F98 2-Hydroxy-s 
F 99 2-Hydroxy-$.t 
F 101 2-Hy« c 
F 102 4 
- 196( 
F104 3-Br 4-hyd 
F 10S 3-Brom-4-hyd 
é 
iy 
: 
F125 2:4-Diamino no ag 
F134 1-Di- ty!) 
Fi 1-Piperidino-methy!-2 
napht 5000 
Fix 
hydroxy-pher 
F137 1-(2’-Hydroxy-> 
benzyl)-2-(2 
bror heny!)-i n 
F139 1-(2’-Hydroxy-benzy!)-2-(2 
hydroxy-pheny 
in 


TABELLI 


Versuche zur entdeckung neuer fungistatika—I 


1—continued. 


Verbindungen 


1X. Derivate von Hydroxy- 
azobenzolen 
4-Hydroxy-azobenzol 
4-Hydroxy-3-methy!- 
azobenzol 
4-Hydroxy-3-chlor- 
azobenzol 
4-Hydroxy-3-methyl-4'- 
clor azobenzol 
4-Hydroxy-3 : 4'-dichlor- 


azobenzol 


Durch Schwefel-oder 


Met 
rerein 
phenole 

2’-Dih 
dichlor 
Poly-(2-! 
phen 
Poly-(2-h 
pheny 


len- Briicken 


te Di- und Poly- 


ydroxy-5 
liphenyl-methan 
ydroxy-5-chlor- 
disulfid) 
ydroxy-5-chlor- 
methan) 


Phen che 
Grupr 
nst Verbindungen 
2 : 9-Trihydroxy- 
inthrazen 
Stilbostrol 
Apomorphin hydrochlorid 


V/1. Acetate 
aten 
oxy-4-chlor-benzol 

1-Acetyloxy-2-i-propyl-§ 

methyi-benzol 
4-Acetyloxy-benzoesaure- 


Hydroxyl 


enthaltende 


n Phen 


ester 
xy¥-dipheny! 
xy-naphtalin 
\y-naphtalin 
ICelylOxy- 


athe ron 


xy-2-methyl- 
loxy-4-methy! 


propyl 


r-benzol 
benzol 


xy-4-j 
xy-2 : 4-dibrom- 


nethyl-benzol 
2 : 4-dijod- 


yloxy-2-jod-4-chlor 
6-dijod-4- 
6-trijod 


4-Aethoxy-diphenyl 

2 : 4-Diaethoxy-!-n-hexy! 
benzol 

2 :4-Di-(8-hydroxy-aethoxy) 
-l-n-hexyl-benzoi 


Naphtolen und ihren halogen- 
substituierten Derivaten 
1-Aethoxy-naphtalin 
1-Allyloxy-naphtalin 
l-n-Hexyloxy-naphtalin 


ather von 


-Aethoxy-naphtalin 
-(8-Hydroxy-aethoxy)- 
napntalin 
-Allyloxy-naphtalin 
2-n-Hexyloxy-naphtalin 
1-Aethoxy-2-brom-naphtalin 
2-Aethoxy-!-brom-naphtalin 


Penicillium 


simplicis- 
imum 


(5000) 


(5000) 


(5000) 


10 000 
5000 
5000 

10 000 

10 000 


10 000 


10 000 


5000 


5000 


(5000) 


4spereliu 


niger 


Trichot- 
hecium 
roseum 


5000 
(S000) 
10 000 

5000 


5000 


Candida 
albicans 


5000 


4chorion 
quin 
Keanum 


5000 


(5000) 


10 000 


5000 


10 000 


5000 


10 000 


(S000) 


$000 
S000 
$000 


10 OOO 


(S000) 


10 000 
5000 
5000 

10 000 

10 000 


10 000 


10 000 


$000 


§000 


10 000 
(S000) 


(S000) 


5000 


(5000) 


S000 
10 000 


10 000 
10 000 

5000 
10 000 


(5000) 
10 000 
5000 
10 000 
$000 


(5000) 


(5000) 


$000 
(5000) 


S000 


10000 

5000 
10 000 
10 OOO 
10 000 


10 000 


10 000 


S000 
$000 
S000 
10 
$000 
5000 
5000 
5000 


5000 
000 


5000 


$000 


10 000 
10 000 

5000 
10 000 


$000 
10 000 
5000 
10 000 
10 000 


5000 


(5000) 


10 000 


5000 


10 000 


5000 


10 000 


(5000) 


10 000 

5000 
10 000 
10 000 
10 000 


10 000 


10 000 


S000 
5000 
5000 
S001 
10 000 
5000 
S000 
5000 
(5000) 
$000 


$000 
10 000 


5000 


$000 


10 000 
10 000 

5000 
10 000 


5000 
10 000 
5000 
10 000 
10 000 


5000 


(5000) 


10 000 


5000 


10 000 


5000 


10 000 


(5000) 


10 000 

5000 
10 000 
10 000 
0 000 


10 000 


1 0000 


5000 
$000 
10 000 
$000 
0 000 
5000 
$000 
$000 
5000 
$000 


S000 
10 OOO 


5000 


$000 


10 000 
10 000 

$000 
10 000 


$000 
10 000 
(5000) 
10 000 
10 000 


7 
Epidermo- 
re | Tricho- phyton 
Nr. | phytor Kaufman- 
gypseum Wolff 
F 146 
F149 
F150 
F152 
F 178 
F179 
F 183 
> 
F 186 i 
5000 5000 5000 
om F 189 5000 S000 5000 
Ae F 202 5000 5000 5000 
960 a F 207 — 
F 208 
F 209 
F210 4-Acet 
F211 1-Acet 
F213 1-Chlor-2 
Wh 
F 214 1-Benz 
benzo 
1-Ac 
F232 1-Ber 
F237 1-Ber 
¥ 
ch 
F 239 1-Aet 
F 244 
{ F 245 
F 247 
F 248 
F 252 
F 253 
F 254 
F255 
F 259 ‘ 
F 260 
“4 
: 


Tipor ZSOLNAI 


TABELLE 2. PHENOL-DERIVATE, WELCHE IN FLUSSIGEM SERUM-MAISCHE NAHRBODEN 
AUF JEDE UNTERSUCHTE PILZSTAMME VOLLSTANDIG UNWIRKSAM SIND 


4-Hydroxy-3 -nitro-azobenzol-3- 
enol carbonsdure 
droxy-dipheny! 2-Hydroxy-5-methyl-azobenzol 
ydroxy-5-chlor-azobenzol 
lOoxy-pl vdroxy-5-metl -4-chlor-azobenzol 
vdroxy-5 ichlor-azobenzol 
+-Dihydroxy-azobenzol 
$-Dihydroxy-5-n-hexyl-4 -chlor-azo- 
dro-resorzin benzol 
hrysamin 
Phenylazo-|-naphtol 


‘ 
resorzin 4 Phenylazo-2-naphtol 


vt 


Chlor-4-(4 
benzaldehy naphtol 


Chlor-phenol-2-sulfonsdure-Na 


te 


ulfOSalicyl-Saure 
Naphtol-4-sulfonsdure-Na 

-Napht 
Amino-2-naphtol-4-sulfonsiure 
-Phenylazo-2-naphtol-6-sulfonsiure-Na 
-Hydroxy-5-methyl-azobenzol-4 - 


lil saure 


nyi-ester rillant-gelb 
sure | 
Dihydroxy-5:5 -dimethyl-dipheny 
disultid 
2'-Dihydroxy-5.5 -dichlor-diphenyl- 
disulfid 
Poly-(2-hydroxy-phenyl-methan) 
Poly-(2-hydroxy-3-methyl-pheny|- 
methan) 
Poly-(2-hydroxy-5-methyl-phenyl- 
ydrochlorid methan) 
2-amino- + 9-Anthron 
10-Brom-9-anthron 
)-l-hydroxy- 2 2 -Dihydroxy-3 3 di -propyl-5 5’. 
hydrochliorid dijod-6 :6 -dimethy! dipheny! 
4-dimethy!|- p:L-Thyroxin 
i-Phenyl-8-(3 :5-dijod-4-hydroxy- 
pheny!)-propionsaure 
Rosol-sdiure 
Rubrophen 
Phenolpht ilein 
Thymolphtalein 
benzy!)-2-(4'-hydroxy- Brom-thymol-blau 
dazolin-(4:5) Tetrabrom-phenolphtalein 
-brom-benzyl)-2-(2’- ‘ Tetrajod-phenolphtalein 
5 '-brom-pheny!)-benzimid- Kresol-rot 
Eriochromcyanin R 
Fluorescein 
midazo Eozin 
l-aminoguanidon nitrat Haematoxylin 
ildehyd-amino- 2 7-Chlor-tetracyclin hydrochlorid 
tral 5 Q§-Oxy-tetracyclin hydrochliorid 
benzaldehyd-amino- 2 
trat tetracyclin 
methyl-azobenzol 1-Acthoxy-4-methyl-benzol 
2-methyl-5-i-propyl- 1-Allyloxy-4-methyl-benzol 
1-Aethoxy-2-i-propyl-5-methyl-benzol 
2-methyl-4'-chlorazobenzol 
azobenzol-3-carbonsaure benzol 
-Hydroxy-4 -nitro-azobenzol-3- 1-n-Octyloxy-2-i-propyl-5-methyl- 
carbonsaure benzol 


Fl Pheno 
+ 4 
F/47 3:5-Dijod-4 
2:6-Dibron a 
 2:6-Dibron 
on 
FS9 = Phior 
2) ‘4 
F6O 5-Me 
F6l $§:5-D 4 
F 66 6-T) res 
F 69 D +-n-Ne a 
70 Tribs rogluz 
A F/73 3-Methoxy-4-hvdroxs 
7 
F 76 1-Hyd benzoesiure F167 
F/77 rox henzoesiure 168 
78 §-brom-benzoesiure F 169 
F84 2-Hydi }-amino-benzoesiure F172 = 
85 2 Hydro» +-cichioracelylamino- I 173 = 
F 86 ? a 
¥ - 
if F 100 a 
c 
ee F 108 196 
116 
17 
Fil 
F118 
F123 
7 
F/129 
a F/130 
ey 
F131 
2 F/138 
F/142 § 
F/l47 4 
Fi48 4 
4 
4 
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TABELLE 2—continued. 


238 1-Aethoxy-2:4:6-tribrom-benzol 
24 4-Benzyloxy-dipheny| 


223 
224 
1-Benzyloxy-4-chlor-benzo F/242 4-Aethoxy-3:5-dibrom-dipheny! 
228 F/243  1:2-Dimethoxy-benzol 
229 =1-Aethoxy-2-i-propyl-5-methyl-4-brom- _F/249 -n-Octyloxy-naphtalin 

I 


tv 


benzol 1-n-Dodecyloxy-naphtalin 
-Aethoxy-2 :6-dijod-4-methyl-benzol 1-Benzyloxy-naphtalin 
-Allvloxy-2 :6-dijod-4-methyl-benzo! 256 2-n-Octyloxy-naphtalin 
-Benzyloxy-2 :6-dijod-4-methyl-benzol 2-n-Dodecyloxy-naphtalin 


-Benzyloxy-2 :4-dijod-6-methyl-benzol 


| 


DIE FUNGISTATISCHE WIRKUNG VON PHENOL-DERIVATEN AUF FESTEM 
MAISCHE-AGAR NAHRBODEN 


TABELLI 


Verbindungen 


4-H ydroxy-dipheny! 15 20 17 10 10 
F/12 3-n-Hexyloxy-phenol 16 10 15 13 2 
4-n-Hexyloxy-phenol | 17 12 16 12 
F 20 2-Jod-4-chlor-phenol 23 25 27 23 23 
F/21 2 :4-Dijod-phenol 25 25 30 25 22 
F/22 2:6-Dibrom-4-chlor-phenol 25 27 30 20 2? 
F/23 2 :-6-Dijod-4-chlor-phenol 23 37 37 25 23 
F/24 2:4-Dibrom-6-chlor-phenol 30 36 32 32 27 
F/25 2:4-Dijod-6-chlor-phenol 30 36 32 35 27 
F/26 2:4:6-Tribrom-phenol 35 37 53 30 32 
F/27 2:4:6-Trijod-phenol 17 21 20 25 17 
F 30 6-Brom-2:4-dimethyl-phenol 20 32 32 20 18 
I 3] 6-Jod-2 4-dimethy! p enol 12 13 15 12 10 
F/32 2? :6-Dichlor-4-methyl-phenol 22 22 10 
F 33 2 :6-Dibrom-4-methyl-phenol 17 10 25 10 15 
F 34 -6-Dijod-4-methyl-pheno! 95 23 18 
F/35 2 :4-Dijod-5-methyl-phenol 16 17 16 16 15 
F 36 2:4:6-Tribrom-5-methyl- 

phenol 16 15 20 12 12 
F/37 2:4-Dichlor-6-methyl-phenol 12 18 12 10 
F 38 ?:4-Dibrom-6-methyl-phenol 3? 37 37 17 17 
2 d-6-methy! phenol 20 35 20 20 20 
F 40 2 :6-Dichlor-3 :4-dimethyl- 

phenol 15 12 15 10 
F 4! 2 :6-Dibrom-3 :4-dimethyl- 

phenol 15 12 20 26 15 
F 42 2 :6-Dijod-3 :4-dimethyl- 

phenol 10 22 17 15 13 
F 43 2-/-Propy!-5-methyl-4-brom- 

phenol 10 10 12 12 12 
F 44 3-Jod-4-hydroxy-dipheny! 13 15 17 10 + 
F/45 3:5-Dichlor-4-hydroxy- 

diphenyl 10 10 22 10 12 
F 46 3 :5-Dibrom-4-hydroxy- 

diphenyl 10 12 13 10 
F 53 2-Brom-4-propionyl-phenol 24 17 25 20 28 
F 54 2-Jod-4-propionyl-phenol 20 10 17 10 10 
F 62 4-n-Hexyl-resorzin 28 18 30 12 12 
F/64 Tetrabrom-pyrocatechin 18 18 15 17 18 
F 65 2:6-Dibrom-resorzin 10 23 15 1] 
F 67 2:6-Dibrom-5-methyl- 

resorzin 15 20 17 15 17 
4-Hydroxy-benzoesiure-n- 


butyl-ester 15 


9 
I 
I 
2 Penicil- isper- Trichot- Saccha- 
Nr liun gillus heciun Candida romycé 
snp nigel roseun aipican cere- 
— 
cissimugen viside 
a 
- 
2 
7 
12 
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TABELLE 3—continued. 


Penicil- {sper- Trichot- Saccha- 
Verbindungen lium gillus hecium Candida romyces 
simpli- niger roseum albicans cere- 


risiag 


F 102 }-Brom-4-hydroxv-benzoe- 


cstecr 


F 103 : m-4 droxy-benzoe- 


ure-/ 
F 104 m-4 lroxy-benzoe- 
il c yi-ester 


F 109 


I-naphtaldchyvd 
tol 
tol 
tol 
r-azobenzol 


c * 


nethyi-4 -chlor- 
‘ 

+ -dichlor-azo- 


phtalin 


x¥-naphtalin 


niersuchungen liber den Wirkungsmechanismus der Phe nol- Derivate 

Schraufstatter und seine Mitarbeiter haben nachgewiesen. dass die fungistatische 
Wirkung des 2:2’-Dioxy-5:5 -dichlor-diphenyl-sulfids durch die Zugabe des an 55 ¢ 
Temperatur inaktivierten menschlichen Serums zum Niahrboden bedeutend ge- 
schwicht werden kann.*' Durch Serum wird—laut der | achliteratur—auch die fungi- 
Statische Wirkung des N-n-Butyl-3-phenyl-salicylamids*' und des p-Hydroxy-benzo- 
esaure-n-propyl-ester*’ ernicdrigt 

lrotzdem wurde aber die Beeinflussung der fungistatischen Wirkung der Phenole 
durch Serum, sowie die Abhingigkeit dieses Einflusses von dem chemischen Aufbau 
auf breiteren Grundlagen noch nicht untersucht. Deshalb haben wir im Laufe unserer 
Forschungen mit Riicksicht auf die fungistatische Wirkung der auf serumhaltigem 
fliissigem Nahrboden sich schon wirksam erwiesenen Phenol-Derivate auch auf 
serumfreiem fliissis Vaische-Ndhrboden, ausserdem aber auch auf festem Maische- 
Ndhrboden mit 10°, Rinderserum-Gehalt \ ntersuchungen vorgenommen. Wit 
suchten zu erforschen, ob es zwischen der auf serumfreiem und secrumhaltigem 
Nahrboden ausgeiibten fungistatischen Wirkung der Phenol-Derivate sowohl! auf 
fliissigem, als auch auf festem Nahrboden-einen bedeutenden | nterschied geben kann. 
Wir haben unsere Forschungen auch in det Richtung ausgedehnt, inwieweit andere 
Zellbestandteile ausser den Eiweissen, wie z.B. das Lecithin. Lanolin (=Cholesterin- 
fettsduren-ester), Cholesterin und einfache Fette (z.B. Sonnenblumen6l) die fungi- 
statische Wirkung der bei unseren Experimenten wirksam erwiesenen Phenole 
beeinflussen. Ausserdem haben wir | ntersuchungen beziiglich dessen unternommen. 
inwieweit die fungistatische Wirkung der verschiedenen Phenole (auf serumfreiem 


Nahrboden) von dem pH des Kulturmediums abhangig ist. 


ag 
q 
! 23 15 17 i 4 
of - : ) a 
1? i? 1? i4 
- --Chior-! 34 33 33 1? 
10 10 1s 10 10 
1-Chlor-2 4 40 40 1? 
2 13 
FIs! 4-Hydroxy-? - le 
0 17 10 1? 
F152 4+-Hydroxy-3 sf 
=< - nk cl 20 10 10 
| 
A 
4 
4 
2 
ae 
4 
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Alle diese Untersuchungen wurden deshalb durchgefiihrt, um dadurch zur Erkennt- 
nis des biochemischen Wirkungsmechanismus der Phenol-Derivate mit fungista- 
tischer Wirkung naher zu kommen und zugleich die Zusammenhiinge zwischen der 
Intensitat der fungistatischen Wirkung und der chemischen Struktur innerhalb diese1 
Gruppe von Verbindungen aufklaren zu kénnen. 

Die angewandte Methode war identisch mit der vorher geschriebenen. Aber zu 
diesen Versuchen anwendeten wir nicht nur serumhaltigen fliissigen Maische-Nahr- 
boden und festen Maische-Agar sondern auch serumlosen Maische-Nahrboden und 
1°, Rinderserum enthaltenden festen Maische-Agar; ausserdem wurden Maische 
Nahrboden angewandt, welche enthielten noch (als Zugaben) 0,25°,, Lecithin, Lanolin., 
Cholesterin, bzw. Sonnenblumen6! 

Zu unseren auf fliissigen Nahrbodenarten unternommenen Untersuchungen haben 
wir als Test-Organismus Penicillium simplicissimum, auf den festen Maische-Agar- 
Nahrbodenarten durchgefiihrten Versuchen ausserdem noch Trichothecium roseum 


und Saccharomyces cerevisiae verwendet. 

Die Ergebnisse, die wir iiber den biochemischen Wirkungsmechanismus der 
Phenol-Derivate erzielt haben, sind in den Tabellen 4 und 5 zusammengefasst. 

Wir untersuchten auf festem Maische-Agar-Nahrboden die durch Serum verur- 
sachte Beeinflussbarkeit der fungistatischen Wirkung jeder Phenol-Derivate welche 
in der Tabelle 3 aufgefiihrt sind. Unsere Versuche gaben das Ergebnis, dass die auf 


TABELLE 4. Dit BEEINFLUSSUNG DER AUF DAS Penicillium simplicissimum AUSGEUBTEN 
FUNGISTATISCHEN WIRKUNG DER PHENOL-DERIVATE DURCH DIE ZUGABE VON VER- 
SCHIEDENEN SUBSTANZEN ZUM FLUSSIGEN MAISCHE-NAHRBODEN 


10”, 0,25 0,25 0,25 0,25 
Verbindungen Rinder _Lecit- Lano- Chole- Sonnen- 
serum hin lin sterin blumendl 


2-i-Propyl-5-methyl-phenol 10 000 5000 5000 10 000 
4-Hydroxy-dipheny! 25000 10000 10000 10000 25000 10000 
-n-Hexyloxy-phenol 10 000 5000 5000 10 000 
-n-Hexyloxy-phenol 10 000 5000 5000 10 000 
-Chlor-phenol 10 000 10 000 $000 10 000 10 000 10 000 
-Brom-phenol 10000 10000 5000 10000 10000 10000 
-Jod-4-chlor-phenol 25000 10000 10000 10000 25000 10 000 
-Dijod-phenol 25000 10000 10000 (5000) 25000 
6-Dibrom-4-chlor-phenol 50 000 10 000 10 000 10000 50000 10 000 
6-Dyod-4-chlor-phenol 50 000 10 000 10 000 10000 50000 10 000 
4-Dibrom-6-chlor-pheno! 25 000 10 000 10 000 10 000 25 000 10 000 
-Dijod-6-chlor-phenol 25 000 10 000 10 000 $000 =©25 000 10 000 
6-Tribrom-phenol 50000 10000 10000 (5000) 50000 (5000) 
6-Trijod-phenol 25 000 10 000 10 000 5000 25 000 
-Jod-4-methyl-phenol 10 000 10 000 5000 5000 10 000 5000 
-Chior-2 :4-dimethyl-phenol 10000 10000 10000 5000 10000 5000 
»- Brom-2 :4-dimethyl-pheno! 25000 10000 5000 5000 =25 000 5000 
-Jod-2 :4-dimethyl-phenol 25 000 5000 5000 25 000 
6-Dichlor-4-methyl-phenol 25000 10000 10000 5000 10000 
6-Dibrom-4-methyi-phenol 25000 10000 10000 5000 25000 5000 
6-Dijod-4-methyl-phenol 25 000 10 000 5000 25 000 
4-Dijod-5-methyl-pheno! 25 000 5000 §=10000 25 000 
4:6-Tribrom-5-methyl-phenol 50000 10000 10000 50 000 
4-Dichlor-6-methyl-pheno! 25000 10000 10000 25000 10000 
4-Dibrom-6-methyl-pheno! 25000 10000 10000 25 000 5000 
4-Dijod-6-methyl-phenol 25000 10000 5000 25 000 
6-Dichlor-3 :4-dimethyl- 
phenol 10000 10000 10000 10 000 


© 

Nr 

8 
219 
12 
~ 
3 
34 
; 
25 
26 
30 
31 
35 
37 
38 
9 
40 
= 
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TABELLE 4—continued 


0,25 0,25 
Verbindungen - Lecit- i Chole- Sonnen- 
hin sterin) blumenol 


+-dimethyl-phenol 
l-phenol 25 000 $000 §000 25 000 
m-5-methyl- 10 000 $000 (S000) 10 000 
25 000 $000 $000 26 000 (5000) 
vi-phenol 10 OOO $000 10 OOO 10 000 10 000 10 000 
5 000 } 000 10 000 10 000 25 000 10 000 
5S 000 25 000 10 OOO 
10 000 S000 $000 (S000) 10 000 S000 
10 000 $000 $000 $000 10 000 $000 
10 000 10 000 


25 000 $000 5000 10 000 5000 
10 000 (S000) (SOOO) 10 000 5000 
10 000 $000) (S000) 10 000 (S000) 
10 000 10 000 


10 OOO 10 000 
25 000 10 OOO 10 000 $000 25 000 $000 
000 10 OOO 10 OOO 10 000 75 000 » 000 
O00 0 000 S000 $000 25 000 $000 
OOO 10 000 S000 S000 25 000 S000 
000 10 000 10 000 $000 25 000 $000 
»5 000 10 000 $000 $000 25 000 5000 
5 000 (5000) 5000) 25 000 
000 10 000 10 000 $000 10 000 $000 
5 000 10 000 5000 25 000 
O00 10 000 10 000 5000 10 000 $000 
000 10 000 10 000 SO00 10 OOO $000 
000 10 000 10 000 $000 25 000 S000 
000 S000 $000 5000 
O00 5000 5000 


5. Der EtNrLuss Des pH Des NAHRBODENS AUF DIE FUNGISTATISCHE WIRKUNG 
DER PHENOL-DERIVATE GEGEN DAS Penicillium simplicissimum 


Verbindungen pH 4.0 pH 6,0 pH 8.0 


lipheny! 25 000 25 000 25 000 
10 000 10 000 10 000 

phenol 50 000 25 000 25 000 
chlor-phenol 100 000 50 000 $000 
phenol 50 000 50 000 10 000 
yl-phenol 25 000 25 000 25 000 
limethyl-phenol 10 000 10 000 10 000 

3 :4-dimethyl-phenol 25 000 25 000 10 000 
+-dimethyl-phenol 10 000 10 000 10 000 
ypionyl-phenol 25 000 10 000 10 000 

sorzin 25 000 25 000 25 000 
Tetrabrom-pyrokatechin 25 000 25 000 (5000) 
2-Hvdrox ¥-benzaldehy d 5000 5000 5000 
4-Hydroxy-benzoesiure-n-butyl-ester 10 000 10 000 10 000 
-Brom-4-hydroxy-benzoesaure-n-butyl-ester 10 000 10 000 10 000 
1-Naphto 25 000 25 000 25 000 
2-Naphto 25 000 25 000 25 000 
1-Chlor-2-naphtol 25 000 25 000 25 000 
1-Brom-2-naphtol 25 000 25 000 25 000 


5 


— 
Nr 
F 4] > -6-Dibrom-?} 
F 42 2:6-Dijod-3:4 
F 43 2-i-Propyl-4 
F 62 1-n-Hex 
F 65 2 
F 68 2:6-D 
F 74 2-Hydroxy-5-brom-benza 
F 92 4-H ocsiure-r- 
F 103 Bre xv-benzoe 
F110 ?-Nap 
2-B 
oe F 11S |-Brom-2 196¢ 
* F149 +-Hydre azobenzol 
F 2 1-~Acc r-benzol 
F 210 1-Acet eny! 
F211 l-Acetylo» phtalin 
F213 
F246 1-Aethox talin 
F252 2-Aethoxy-naphtalin 
3 
TABELLI 
4 FS 
18 
-3 
F 40 
a F §3 
F 64 
93 
F 104 
F 109 ae 
F110 
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das Penicillium simplicissimum, Trichothecium roseum und Saccharomyces cerevisiae 
ausgeiibte fungistatische Wirkung jeder Verbindungen der Tabelle 3 (ausgenommen die 
des o-Amino-phenols, F/120)-auf festem Maische-Agar-Nahrboden durch Serum 


gleichmiassig ganz aufgehoben wurde. 


BESPRECHUNG DER ERGEBNISSI 
Bei der Ubersicht der auf fliissigem Serum-Maische-Nahrboden ausgefihrten 


Untersuchungen fillt es gleich in die Augen, dass zahlreiche Phenol-Derivate selbst in 


einer 2—2,5-mal, einige sogar in mehr als fiinfmal grésserer Verdinnung wirksam sind 


gegen das Trichothecium roseum, Achorion quinckeanum, Trichophyton gypseum und 


Epidermophyton Kaufman- Wolff, wie auf das Penicillium simplicissimum und Aspergil- 


lus niger. oder auf das Candida albicans. Diese Verschiedenheit der Sensibilitat det 


zwei Gruppen von den angefiihrten Pilzstimme besteht freilich nicht gegeniiber einem 


jedem Phenol-Derivat mit fungistatischer Wirkung;: sie lasst sich also fur keine 


Gesetzmissigkeit von allgemeiner Geltung halten, die keine Ausnahme erlaubt, 


sondern kann vielmehr fiir eine sehr haufige (und eben deshalb sehr charakteristische) 


Erscheinung genommen werden, woraus man den Schluss ziehcn kann, dass det 
Aufbau der Zellwand bzw. des Zellmembrans bei den friiher erwaihnten Pilzstammen, 
ihre Permeabilitaét (oder unter Umstainden auch ihr Stoffwechsel) weitgehend ver- 


schieden sein kann von denen der spater erwabnten Pilzarten. Die friiher und spater 


erwihnten Gruppen der Pilzstimme zeigen eine voneinander mehr oder weniger 


abweichende Sensibilitét nicht nur gegeniiber vielen Phenol-Derivaten, sondern auch 


gegen vielen Verbindungen von ganz anderer Struktur und verschiedenem Wirkungs- 


mechanismus 

Auch dieser Umstand zeigt darauf, dass der Zellaufbau, die chemische Struktur 
ihrer Zellwand, bzw. Zellmembrans dieser zwei Gruppen der Pilze, und infolge dessen 
auch ihre Permeabilitaét, voneinander bedeutend abweichen kann; nur alle diese 


Umstinde vorausgesetzt kénnen wir ihre so verschiedenartige Empfindlichkeit 
gegeniiber einer ganzen Anzahl von Verbindungen erklaren (z.B. die Phenol-Derivate 
von Nr. F/2, 3, 4, 5, 6, 16, 17, 20, 23, 25, 55, 57, 58, 64, 68, 71, 87, 88, 89, 90, 94, 95, 
102, 103, 104, 105, 106, 107, 120, 121, 122, 179, 225, 231, 240, 246, 247, 252, 254, 259, 


260, usw.) 
Wenn wir nun vergleichen die fungistatische Wirkung der untersuchten Phenol- 


Derivate, welche sie auf dieselben Pilzstimme auf fliissigem Serum-Maische-Nahr- 
boden und der auf festem Maische-Agar Kulturmedium ausiiben, so erscheint es uns 
gleich auffallend, dass in den auf zwei verschiedenen Nihrboden-Arten bekommenen 
Ergebnissen in zahlreichen Fallen recht grosse Unterschiede zu finden sind (so z.B. 
bei den Verbindungen von Nr. F/7, 15, 18, 19, 28, 74, 207, 208, 225, 246, usw.). 
Das gleiche lisst sich beobachten werden zahlreichen Verbindungen von anderer 
Struktur, die zu anderen Verbindungsgruppen geh6ren. Die Ursachen dieser Erschein- 
ung sind physikalisch-chemische Problemen; ihre Erérterung ist nicht unsere Ziel- 


setzung, so kénnen wir diese hier iibergehen. 

Die Ergebnisse der auf fliissigem Maische-Nahrboden unternommenen Unter- 
suchungen iiber den Wirkungsmechanismus erwiesen, dass das Rinderserum, Lecithin, 
Lanolin, ja sogar auch das Sonnenblumen6l die auf das Penicillium simplicissimum 
ausgeiibte fungistatische Wirkung zahlreicher Phenol-Derivate um 0,5-0,20 Teil ihrer 
urspriinglichen Wirkung abzuschwichen vermag; dagegen kann das Cholesterin ihre 
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fungistatische Wirkung nicht beeinflussen. Dabei kann das Serum die fungistatische 
Wirkung einiger Phenol-Derivate entweder durchaus nicht. die erwahnten anderen 
Stoffe auch nicht, oder nur in geringem Masse vermindern (z.B. die der V erbindungen 
von Nr. F/18, 19, 28, 29, 40, 71, 207, 211, 212). 

Die auf das Penicillium simplicissimum, Trichothecium roseum. Saccharomyces 
cerevisiae auf festem Nahrboden ausgeiibte fungistatische W irkung der untersuchten 
Phenol-Derivate (ausgenommen die des F/120) wird durch die Zugabe von 10 
Rinderserum zum Niahrboden (=etwa 0,7 Serum-Eiweiss-Gehalt im Kultur- 
medium) im Verhiltnis zu den auf serumfreiem gewonnenen Ergebnissen ginzlich 
aufgehoben. Die Phenole werden vermutlich durch salzartige Bindungen an die Ei- 
weisse geschlossen; diese Bindungen werden wahrscheinlich zwischen den basischen 
Gruppen der Eiweisse und den Hydroxyl-Radikalen von sauerem Charakter det 
Phenole gebildet. Ausser diesem Typ der Bindung sollen dabei noch zwischen den 
verschiedenen Substituenten der Phenole und den einzelnen Zentren der Eiweiss- 
molekiile enstehenden Koordinative Bindungen unbedingt eine wichtige Rolle spielen 
Die Eiweisse werden die fungistatische wirkung irgendeines Phenol-Derivates umso 
starker vermindern, je stabiler der zu ihnen ankniipft ist 

Das Sonnenblumen6l und das Lanolin (das letzere bildet die Cholesterin-ester von 
gesittigten und ungesidttigten Fettsiuren) kénnen die fungistatische Wirkung der 
untersuchten Phenol-Derivate vermutlich dadurch vermindern. dass sie jene in sich 
selbst durchlésen und dadurch die ihren in der wiisserigen Phase des Nahrbodens 
erreichten Konzentrationen herabsetzen. Das Cholesterin, das im Nahrboden 
(gegenliber dem in Form von Fetttropfchen anwesenden Sonnenblumendl. Lanolin 
und Lecithin) in Kristall-Form anwesend war, vermochte wahrscheinlich die unter- 
suchten Verbindungen nicht in sich selbst “hiniiberzulésen”’, und so konnte auch ihre 
fungistatische Wirkung nicht beeinflussen. Der die fungistatische W irkung der Phenole 
hemmenden Eigenschaft des Lanolins und Sonnenblumendéls liegen nach unserer 


Meinung bloss physikalische Vorginge zugrunde. Von det gleichen Natur mag wohl 


Fic. 


auch der wirkungshemmende Einfluss des Lecithins auf eine Anzahl der untersuchten 
Phenol-Derivate sein; es besteht jedoch auch die MOdglichkeit, dass zwischen dem 
Lecithin und einigen Phenolen,—ausser der “Durchlésung” von rein physikalischer 
Natur—auch noch eine chemische Bindung zustande kommen kann auf die folgende 
Weise: 


= 
= 
= 
a 
4 
+ CH-—O00C —R 
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Es ist anzunehmen, dass in der Denaturierung der Zellwinde und Faden der Pilze 
durch Phenol-Derivate sowohl diese erwaihnte Reaktion, als auch die damit ver- 
wandten Reaktionen (z.B. ihre, die mit Kephalin- und Sphingosin-artigen Lipoiden 
von Pilzen entstehenden Reaktionen) eine betriichtliche Rolle spielen; sie sind ver- 
mutlich—ausser der Eiweiss-Denaturierung—wichtige Komponente des biochemis- 
chen Wirkungsmechanismus der Phenol-Derivate von fungistatischer Wirkung. 

Bei der Untersuchung der fungistatischen Wirkung der Phenol-Derivate auf Peni- 
cillium simplicissimum auf fliissigem Nahrboden von pH 4, 6 und 8 haben wir 
erfahren, dass die fungistatische Wirkung jener Verbindungen, deren Dissoziations- 
Konstante ungefahr die gleiche Gréssenordnung besitzt als der des Phenols selbst 
(pA 9.89), auf den Kulturmedien von den allen drei pH-Gréssen sich auf der 
gleichen Stufe zeigte (z.B. die Verbindungen F/8, 18, 62, 71, 93. 109. 110) Dagegen 
zeigen jene Phenol-Derivate, bei denen der negative Logarithmus der Dissoziations- 
Konstante (=pX,) unter 8 steht, also jene, welche mehrere ““negativisierende”’ 
Substituente enthalten, im allgemeinen eine stirkere fungistatische Wirkung auf 
einem Maische-Naihrboden von pH 4 oder 6, als auf einem von pH 8 (z.B. die 
Verbindungen F/20, 22, 23, 41, 53, 64). Fiir das abweichende Verhalten der Verbind- 
ungen Nr. F/32, 40, 42, 114, 115-obwohl ihr pX, unter 8 steht-kénnen wir zurzeit 
keine ausreichende Erklarung geben. 

Obwohl die Phenol-Derivate, bei denen der negative Logarithmus der Dissozia- 
tions-Konstanten nierdrig ist (pK 8), also jene, die verhdltnismdssig gut dis- 
soziueren und demzufolge eine bedeutende Siuren-Eigenschaft besitzen, sind im 
allgemeinen wesentlich wirksamer, als jene von héherem (> 9) pX,; jedoch werden 
wir auf Grund der vorhergehenden Behauptungen voraussetzen miissen. dass die 
“Wirkungsform” der Phenole das nicht dissoziierte ganze Molekiil selbst bildet 
und nicht etwa das Phenolat-anion, was durch die Resultate unserer auf Kultur- 
medien von verschiedenem pH unternommenen Experimenten bestatigt wird. 

Die Dissoziation der Phenole, besonders jener mit niedrigerem pXK,,, besitzt namlich 
bei pH = 8 einen héheren Grad, als bei pH = 6 oder 4; die Aciditit des Nahrbodens 
dringt die Dissoziation der Phenole zuriick. Unsererseits erachten es fiir wahr- 
scheinlich, dass die Phenol-Derivate in nicht disszoziierte liposolubiler Form in die 
Zellwinde und Zellmembran der Sporen und Faden der Pilze diffundieren. aber dort 
reagiert schon ihre dissoziierte Form mit den Eiweissen und Lecithinen derselben. 
oder mit ihren auch andere basische Zentren enthaltenden lebenswichtigen Bestand- 
teilen. 

Aus den Zusammenhiangen der fungistatischen Wirkung der Phenol-Derivate mit 
ihrem chemischen Aufbau lasst sich der Schluss ziehen, dass nur jene Phenol-Derivate 
eine bedeutende fungistatische Wirkung besitzen, welche folgende physikalisch- 
chemische und strukturelle Eigenschaften besitzen: 


1. Ein hochgradiger Verteilungs-Quotient zwischen Lipoid und Wasser 

Jene Phenol-Derivate, bei denen der Verteilungsquotient zwischen Lipoid und 
Wasser allzu hoch ist (praktisch 2), erweisen sich wirkungslos (z.B. F/47, 51, 52, 69, 
117, 118, 163, 164, 180, 181, 182, 185, 187, usw.); diejenigen, bei denen dieser Quotient 
sehr niedrig ist (z.B. die Sulfonsaduren und ihre Salze), sind auch unwirksam (z.B. die 
F/56, 59, 60, 63, 166-174). 
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Der Verteilungsquotient zwischen Lipoid und Wasser der Verbindungen von Nr. 
F/55, 57, 58, 120, 121, 122 ist zwar niedrig, diese sind aber doch fungistatisch wirksam: 
deren Wirkungsmechanismus ist aber von ganz anderer Natur, wie der von den 
anderen Phenol-Derivaten. 


Molekiiloberflache von entsprechender Grésse oder Alkyl-Substituent von entprechen- 

dei Ldnge 

Diese sind notwendig, um einerseits den Verteilungsquotient zwischen | ipoid und 
Wasser zu erhGhen, anderseits aber, damit die Adsorption der Verbindungen and die 
Lipoproteide der Zellwand oder des Zellmembrans der Pilzsporen und Pilzfiaden auf 
emer entsprechenden Fliche von optimaler Grésse verwirklicht werde. Wenn die 
Bindung irgendeines Phenol-Derivates an die Pilzelemente nicht nur durch phenol- 
ische Hydroxyl-Radikale mittels lauter chemischer Kriifte erfolgt, sondern auch auf 
dem Wege physikalisch-chemischer Adsorption, dann ist die Affinitit einer solchen 
Verbindung : mente, andererseits aber die Stabilitdt der schon entstandenen 
Bindungen bet tlich hochgradiger, also ohne die Mitwirkung derselben 

Die Oberfliche des Benzolringes betrug 17.4A? die des Naphtalinringes 27,9A? die 
des Anthrazenri iber 38,5A 

Es muss eine optimale Oberfliche geben (ungefihr von gleicher Grosse wie die des 
Naphtalins), die das Molekiil erreichen soll, um fungistatisch wirksam zu werden: 
andererseits darf es aber auch diese Grosse der Oberfliche nicht bedeutend iiber- 
schreiten 

Die in die Phenole eingefiihrten Alkyl-, Alkyloxy- und Aryl-Substituenten kénnen 
nicht nur durch die ErhOhung des Verteilungsquotienten zwischen | ipoid und Wasser 
die fungistatische rkung steigern, sondern auch dadurch, dass sie infolge der Van 
der Waalsschen Kriifte intermolekular aneinander geschlossen die Phenol-Derivate 
in Form mit “micellaler” Struktur verwandeln, welche Micellen. d.h. Molekiil- 
Assoziaten eine Affinitat an die Pilzelemente—und dadurch auch die fungistatische 
Wirkung der zu soziation geneigten Phenol-Derivate im allgemeinen—in be- 
deutend grésserem Masse besitzen, als die sonst nicht assoziierten einzelnen Mole- 


kiile hatten (z.B. das . 10-15 gegeniiber F/1; F/2 gegeniiber F/56 und 60: F/87-90 


gegen F/86; F/92-95 gegen das F/91, usw.). Allzu lange Alkyl-Substituenten. oder die 


gemeinsame Anwesenheit von Alkyl-Gruppen zwar von mittlerer Lange und dabei 
aber noch mehreren Halogen-Atomen in dem Molekiil (siche die Verbindungen von 
Nr. F/68, 69, 99, 100) erhéhen betriichtlich den \ erteilungquotienten zwischen Lipoid 
und Wasser der Phenole; deshalb sind die Phenol-Derivate mit solchen Substituenten. 
bzw. von solcher Struktur wirkungslos 


3. Eine zur lonisation geeignete freie phenolische Hydroxyl-Gruppe 

Die Bindung der Phenol-Derivate an die Pilzelemente erfolgt hauptsichlich durch 
die phenolische Hydroxyl-Gruppe: so besitzt also dieses Radikal mit Riicksicht auf 
die fungistatische Wirkung der Verbindungen dieser Klasse eine hervorragende 
Bedeutung. 

Dabei muss man aber auch feststellen, dass es Ausnahmen von dieser Regel gibt. 
Z.B. eine fungistatische Wirkung haben die O-Acetyl-phenole und auch einige 
Phenol-iither (siehe die Angaben der Tabellen). 
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Aus diesem lasst sich der Schluss zichen, dass die Bindung zwischen den Eiweissen. 
Lipoiden, Lipoproteiden der Pilzsporen und Pilzfaden, sowie den verschiedenen 
Phenol-Derivaten nicht nur durch die Salzbildung mittels Hydroxyl-Radikale ent- 
stehen kann, sondern- durch den Oxygen-Atom!—auch mit der Vermittlung von 
Neben-Valenzen, Koordinations-Bindungen von Van der Waal’schen Krdften zu- 
gleich erfolgt. 

Der negative Logarithmus der Dissoziations-Konstante ( pK.) der Phenol- 
Derivate von freien Hydroxyl-Gruppen vermindert sich durch Halogen-Substitution. 
Ihre fungistatische Wirkung erhéht sich—innerhalb gewisser Grenzen—damit 
parallel, aber nur in dem Falle, wenn dicse durch andere strukturelle Faktoren nicht 
verhindert wid. 

Die Dissoziation der phenolischen Hydroxyl-Gruppen steigernde Wirkung der in 
die Molekiile der Phenole eingefiihrten Halogen-Atome kénnen wir durch die un- 
teren Formeln veranschaulichen: 


X,Y¥,Q = Halogen— Atome 


Fic. 2. 


Aus diesen Formeln ersieht man, dass die X, Y, Q Substituenten durch ihre elektro- 
phyle Eigenschaft die Elektronen-Dichte um das phenolische Oxygen-Atom ver- 
mindern, infolge dessen vermag das Phenol leichter das ihm gehérende Proton als 
H*-lon abzugeben, und das umso leichter, je mehr elektrophyle Substituenten 
(= X, Y, Q) das Molekil enthalt; weil die Elektronen-Dichte um das Oxygen-Atom 
wird ja damit umso geringer. 

Die zwei Halogen-Atome enthaltenden Phenole haben meist eine starkere fungi- 
statische Wirkung, als die nur mit einem Halogen-Atom; die mit drei Halogen- 
Atomen sind noch wirksamer. 

Jene Phenol-Derivate, welche bei ihrer Dissoziation ihre elektrische Ladung nicht 
auf ihrem phenolischen Oxygen-Atom tragen, bleiben ginzlich oder beinahe ohne 
Wirkung—wie z.B. die Phenol-karbonsdéuren (F/75-85). Durch Esterisation ihrer 
saueren Karboxyl-Gruppe (im Falle, wenn der zur Esterisation gebrauchte Alkohol 
drei bis sechs Kohlenstoff-Atome enthalt!) kommen durch sie wirksame Verbindungen 
zustande; die infolge der Esterisation entstandenen Phenol-karbonsdure-ester be- 
nehmen sich schon nimlich als lipophyle Substituenten besitzende Phenole, bei 
deren Dissoziation nicht mehr Phenol-karboxylat, sondern Phenolat-anion entsteht 
(F/87-90, 92-98, 101-107). Fiir wirkungslos gelten auch die basischen Nitrogen- 
Atom enthaltenden Phenol-Derivate, denn die sdéurige Dissoziation ihrer phenol- 
ischen Hydroxyl-Gruppe wird durch die basische Dissoziation ihres Nitrogen- 
Atoms zuriickgedringt, bzw. ihre bei der Dissoziation entstehenden positiven und 
negativen Ladungen heben sich ginzlich oder teilweise gegenseitig auf (z.B. F/123, 
126-135 usw.). Eine Ausnahme davon bilden die Verbindungen von Nr. F/120, 121 
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und 122, deren Wirkungsmechanismus vermutlicherweise weitgehend von dem der 
meisten Phenol-Derivate abweichend ist. Diese Verbindungen (und jene von Nr. 
F/55, 57, 58, gleichfalls) kénnen ihre fungistatische Wirkung wahrscheinlich auf dem 
Wege ausiiben, dass sie in dem Nihrboden zu Chinonimine (bzw. zu Chinone) 
oxidiert werden und diese Oxidationsprodukte werden erst zu den eigentlichen Agenten 
von fungistatischer Wirkung: sie hemmen nimlich die Tatigkeit einiger lebeswichtigen 
Sulfhydryl-Enzyme der Zellen von Pilzen. Sie iiben also ihre Wirkung—nach unserer 
Voraussetzung—abweichend von den meisten Phenol-Derivaten, nicht auf die Zell- 
wand, bzw. auf das Zellmembran der Pilze. sondern auf intrazelluliren Stoffwechsel- 


Vorgiinge aus 


Die Ergebnisse unserer Forschungen beweisen, dass die fungistatische Wirkung der 
unsererseits in vitro am wirksamsten gefundenen Phenol-Derivate durch das Serum 
(und vermutiicl duch andere Eiweiss-arten), sowie durch verschiedene Lipoide 


bedeutend vermindert wird. Diese Erscheinung lisst uns darauf schliessen, dass das 
Wirkungsmechanismus der Phenol-Derivate nicht ausschliesslich die Hemmung 
rendeines spezif n biochemischen Vorganges der Pilze zugrunde liegt, sondern 


ihre fungistatische Wirkung durch aspezifische Denaturicrung der Zellwand, bzw 


des Zellmembrans erreicht wird. Diese Wirkung beschriinkt sich freilich nicht nur 
auf die verschieder Pilzarten, sondern mag Uberhaupt fiir alle lebende Zellen gelten 
(deshalb ist sie ja eben aspezifisch®) 


SAMMENFASSUNG 


ZI 
Verfasser hat die fungistatische Wirkung von 260 Phenol-Derivaten untersucht, die 


sie auf fliissigem Serum-Maische Nihrboden, sowie auf festem Maische-Agar Nihr- 


boden ausibten den Wirkungsmechanismus derjenigen studiert, welche er in 
seiner Versuchen am wirksamsten gefunden hatte 
Er behandelte zugicich die Zusammenhinge. welche zwischen der in vitro ausgeiib- 


ten fungistatischen Wirkung der Phenol-Derivate und deren chemischem Aufbau 
bestehen. Herausgegangen von der Beeinflussbarkeit threr fungistatischen Wirkung 


durch Serum-Eiweisse. Lecithin. Lanolin, Cholesterin uns Sonnenblumen6!l suchte 


er Schliisse beziiglich des Wirkungsmechanismus der Phenol-Derivate zu zichen 
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THE ACTION OF CHLORPROMAZINE ON YEAST 
HEXOKINASE 
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Abstract—The effect of chlorpromazine on yeast hexokinase was investigated in a 
reaction syste n which the activity of the kinase enzyme, coupled to glucose-6- 
phosphate dehydrogenase, was determined by measuring spectrophotometrically the 
reduction of TPN. Hexokinase activity, either in the presence or absence of chlor- 
promazine, showed great sensitivity to the magnesium—ATP ratio 

Concentrations of chlorpromazine from 8:5 10-°M to 68 10-°M either greatly 
activated or inhibited hexokinase activity, depending on the level of magnesium-ATP 
in the system 

Implications of the observed effects of CPZ on hexokinase are discussed in relation 


to some of the pharmacological activities of the drug 


INTRODUCTION 
HYPOTHERMIA and hyperglycemia have been reported in laboratory animals'~* and 
human subjects*~* receiving chlorpromazine (CPZ).* Many studies have shown that 
CPZ inhibits oxygen uptake in various tissues,*~* but little evidence of a direct effect 


of CPZ on the substrate phosphorylation reactions involved in glucose utilization 


has been discerned. Various workers have shown that in mitochondrial preparations 
CPZ uncouples oxidative phosphorylation*~" and inhibits the activity of ATPase,*-"!."2 
cytochrome oxidase,*:'* and reactions coupled to the oxidation of DPNH."™ Thus, it 
would seem possible that any effect of CPZ on anaerobic carbohydrate metabolism 
might be through action of the drug on enzyme systems associated with phosphoryla- 
tion reactions. 

Earlier work in this laboratory showed that administration of CPZ in vivo decreased 
the formation of pyridoxal-5-phosphate from ATP and pyridoxal in brain homogen- 
ates from normal and vitamin B,-deficient rats.'* These results were interpreted as an 
indication that CPZ prevented the transfer of phosphate from ATP to pyridoxal by 
inhibiting the action of the enzyme pyridoxal kinase. Since the pyridoxal kinase system 
resembles the phosphokinase reactions occurring in anaerobic glycolysis, studies were 
undertaken to test the effect of CPZ on a glycolytic kinase. 

Although the work previously done with CPZ has principally involved various 
mammalian cell preparations and enzymes, some work has been reported in which 
glycolytic enzymes from yeast were used.* These preparations are readily available 
in purified form and offer the further advantage of being well characterized. For these 

* The following abbreviations are used: chlorpromazine-HCl (10-[ 3-dimethylaminopropy!]-2- 
chlorophenothiazine-HC!) (SKF no. 2601-A), CPZ; adenosine-5’-triphosphate, ATP: diphospho- 


pyridinenucleotide, oxidized and reduced form, DPN and DPNH,. respectively; triphosphopyridine 
nucleotide, oxidized and reduced form, TPN and TPNH, respectively; dinitrophenol, DNP. 
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The action of chlorpromazine on yeast hexokinase 


reasons the present study was carried out using yeast hexokinase rather than a 
malian preparation. 


EXPERIMENTAL METHODS 
Determination of enzyme activity 
The activity of hexokinase was measured by coupling the kinase reaction to glucose- 
6-phosphate dehydrogenase (Zwischenferment) and determining spectrophoto- 
metrically the change in absorbency at 340 my due to the reduction of TPN: 


glucose + ATP - glucose-6-phosphate + TPN > 6-phosphoglucono-8-lactone 

TPNH 
The velocity of the initial phase of the reaction (during the first 60 or 90 sec) was used 
as an index of hexokinase activity. In this system the concentration of the Zwischen- 
ferment was maintained in excess over the hexokinase concentration, thereby insuring 
that the rate of the phosphorylation reaction limited the rate of TPN reduction 
(Fig. 1) 


Fic. 1. Effect of enzyme concentration on the rate of TPN reduction 


All reagents were obtained commercially.* The reaction system contained: tris- 
(hydroxymethyl)aminomethane, 0-05 M, pH 7-5: potassium dihydrogenphosphate 
0-005 M; crystalline yeast hexokinase, 0-04 mg: Zwischenferment, 0-75 mg; glucose, 
0-1 M; TPN, 2 « 10-*M; ATP and magnesium chloride. The final reaction volume in 
the cuvettes was 3-0 ml. In order to determine the effect of CPZ, various concentra- 
tions of the drug were added to the enzyme solution. After incubation for 15-20 min 
at room temperature, 0-2 ml of the enzyme—CPZ solutions were added to the reaction 
system containing all components except ATP. The reaction was initiated by the addi- 
tion of ATP. The concentrations of CPZ given in the text are the final concentrations 
of the drug in the reaction systems. 


* Hexokinase (crystalline), Pabst laboratories. Glucose-6-PO, dehydrogenase, Type II, Sigma 
Chemical Co., St. Louis, Mo. 
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The reaction in the absence of CPZ was first studied to determine the experimental 
conditions to be used in the studies with CPZ and as a check on the characteristics of 
the enzyme preparation used. With glucose (0-1 M) and MgCl, (1 x 10-°M) held 
constant, ATP was a strong inhibitor of the reaction when present in excess of 2-5 
10-*M (Fig. 2). When glucose and ATP were held constant, inhibition was observed 
if the magnesium concentration greatly exceeded the initial ATP concentration (I ig. 
3). A number of reports indicate molar ratios of Mg-ATP near 1:1 as the true sub- 


ATP Concentration (x/O™ 


Fic. 2. Effect of ATP concentration on initial reaction rates in the presence of | 10-*M MgCl, 


My 


FiG. 3. Reciprocal plot of the effect of Mg** concentration on initial reaction rates in the presence 
of | ATP 


Strate species of phosphokinase reactions;'*~'’ a plot of enzyme activity against 
Mg-ATP (1:1) concentration is given in Fig. 4. This 1:1 Mg-ATP ratio was used in 


all subsequent studies 

The effect of CPZ on the initial enzyme rates were assessed in a hexokinase system 
in which half-maximum activity was obtained at a Mg-ATP concentration of 2-5 
10-*M The maximum initial velocity was found to correspond to a change in ab- 
sorbancy of 0-100 units/min 

Hexokinase activities at various concentrations of Mg-ATP were determined in the 
presence of four levels of CPZ: 8-5 « 10-*M, 1-75 « 10-5M, 3-5 = 10-5M. and 
6°38 x 10-°M (Figs. 5-8). The enzyme activities at the various Mg-ATP concentrations 
in the absence of CPZ served as control rates. 
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Fic. 4. Effect of ATP-Mg concentration at a | : 1 molar ratio on reaction rates 


RESULTS 
CPZ acted as either an activator or inhibitor of hexokinase, depending on the 
concentration of the drug in relation to the concentration of Mg-ATP present. At the 
lowest concentration of CPZ (8-5 « 10-°M), a slight activating effect on hexokinase 
was Observed with a Mg-ATP concentration of | 10-4M, while at a higher con- 
centration of Mg-ATP (5 = 10-*M), a 35 per cent increase over the control rate of 


hexokinase activity was observed. 
In the presence of 1-75 10-°M CPZ, no measurable hexokinase activity was 
detected with a Mg-ATP concentration of | 10-*M; however, by increasing the 


NUTES 
Fics. 5-8. The effect of chlorpromazine-HCl on yeast hexokinase. Mg-ATP (1:1 M). Conc.: 
Fig. 5, 1 10°* M; Fig. 6, 5 10-4 M; Fig. 7, 1 10-* M; Fig. 8, 2 10-* M. Chlorpromazine- 
HC! concentration: 
(@) none (control); (©) 8-5 x 10-* M; 
(CG) 1:75 x Ms (A) 335 x 
(A) 68 « 10° M. 
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Mg-ATP concentration, it was possible to restore the kinase activity to 70 per cent 
of the control rate with 5 x 10-4M Mg-ATP and to approximately 100 per cent of 
the control rate with | « 10-"M Mg-ATP. When the Mg-ATP concentration was raised 
to 2 l0-*M, the presence of 1-75 « 10-°M CPZ increased the enzyme activity 
4-5 times over that of the control rate observed at this level of Meg-ATP. 
At 3:5 = 10°°M CPZ, no measurable hexokinase activity was found with a Mg 

ATP concentration of 5 10-*M; however, enzyme activity could be restored by 
higher concentrations of Mg-ATP. A concentration of | 10-°M Mg-ATP restored 


Effect of CPZ on glucose-6-p osphate dehydrogenase 


(@) no CPZ: (A) 68 10 M CPZ 


the enzyme activity to 30 per cent of the control rate. Howe, er, in the presence of this 
level of CPZ, a twofold increase in rate over that of control was observed when the 
Mg-ATP concentration was raised to 10-*M 


At the highest concentration of CPZ used in these experiments (6°8 lO-°M) 


no hexokinase activity was found with concentrations of Mg-ATP up to 5 10-°M 
(not shown in figure). An increase of Mg-ATP to 2 « 10-2M restored the rate to only 
to 10 per cent of that of the control 

Since the reaction rate in the presence of the highest level of CPZ used in these 
experiments (6°S « 10°°M) was restored to only 10 per cent of the control rate by 
2 10°°M Mg-ATP, it was important to determine whether the almost complete 
loss of enzyme activity observed at this concentration of CPZ was the result of the 
action of the drug on hexokinase or the result of a rate-limiting inhibition of the 
auxiliary enzyme. To determine the activity of the Zwischenferment alone, an excess 
of glucose-6-phosphate was substituted for Meg-ATP in the reaction system The rate 
of TPN-reduction, under these conditions, indicated that the Zwis: henferment 
activity, in the presence of 6-8 « 10-5M CPZ. was inhibited by only 20 per cent, and 
therefore did not limit the rate of the reaction sequence (Fig 9). 
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DISCUSSION 

These studies suggest that small variations in the concentration of CPZ can either 
activate or inhibit activity of an isolated hexokinase system. When the Mg-ATP 
concentration is low in comparison to the concentration of CPZ, the drug acts 
essentially as an inhibitor of this kinase system and prevents the utilization of ATP: 
whereas, at high concentrations of Mg-ATP relative to the concentration of CPZ. 
the drug functions as an activator, increasing the rate of utilization of ATP. 

This apparent dual activity of CPZ has been observed in more complex enzyme 
systems and in tissue preparations, in which stimulatory effects have been observed 
at low concentrations of CPZ, while at higher concentrations of the drug, depressed 


activity was obtained.*: 


As an example, in rat brain homogenates, glutamine 
synthesis was stimulated by low concentrations of CPZ, while at only slightly higher 
concentrations the drug abruptly inhibited glutamine formation by nearly 100 per 
cent.'” A biphasic action of CPZ on the DNP-stimulated ATPase reaction in rat-liver 
mitochondria has recently been reported by Léw,?° who, in addition, found that 
this effect is apparently not restricted to CPZ: a number of chemically-unrelated 
substances, such as atebrin, acriflavin and antimycin A, also exhibit a similar effect 
on DNP-stimulated ATPase.” It seems pertinent to our observations in the isolated 
enzyme system that a similar dual effect has been observed in whole organisms. Low 
concentrations of CPZ have been shown to stimulate the growth of L. acidophilus, 
whereas high concentrations of the drug inhibited growth of this organism,”? and 
growth of vitamin B,-deficient rats has been stimulated by low doses of CPZ. while 
higher levels either failed to stimulate or depressed growth.” 

fhe observed effects of CPZ on yeast hexokinase reported here resemble those 
described by Yanagawa™ who reported stimulation of rat brain hexokinase by low 
levels of CPZ but inhibition by higher levels, and by Allenby and Collier?> who found 
various phenothiazines to be potent inhibitors of rat brain hexokinase. However. 
there are several reported studies of the effect of CPZ on anaerobic glycolysis which 
differ from these results. Low** investigated the effect of CPZ on yeast hexokinase by 
determining the decrease in acid-labile phosphate and observed no difference in ATP 
utilization in the presence of CPZ. Bernsohn er al.* reported that | 10-°M CPZ 
had no effect on anaerobic glycolysis in rat brain homogenates. However, under 
aerobic conditions he found that CPZ greatly depressed the utilization of glucose by 
the homogenates but not by isolated yeast hexokinase. A possible explanation for the 
differences between the results of the above investigators®: 2° and those reported here 
may be found in differences in concentrations and ratios of ATP and magnesium 
chosen and in the methods used by the various investigators. Indeed, one factor which 
seems to stand out in the work reported here is that CPZ appears to affect the “‘dissocia- 
tion” or “binding” constants of the enzyme for Mg and ATP, which have already been 
shown to be interdependent cofactors of hexokinase. Therefore, any conclusions 
projected from observed results in this system are closely dependent on the choice of 
experimental conditions. 

he results presented in this paper suggest that the often observed hyperglycemic 
effect following the administration of CPZ should be accompanied by an accumulation 
of ATP if its utilization were decreased. This contention is supported by the studies of 
Grenell*’ who found increased levels of ATP in the lungs and cerebral cortex of 
CPZ-treated rats. In nervous tissues, the greatest increase in ATP was observed in the 
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thalamus—hypothalamus area of the brain. These increased tissue levels of ATP 
parallel the distribution patterns of tissue-CPZ reported by other investigators.?*: *® 

These observations are not sufficient to permit a definitive conclusion concerning 
the mechanism of action of the drug: however, our data seem to implicate interference 
with utilization of ATP as a fundamental metabolic effect of chlorpromazine 
administration 

SUMMARY 

Chlorpromazine may either inhibit or activate the utilization of ATP by an isolated 
system of yeast hexokinase. This biphasic action of the drug appears to be a function 
of the relative concentrations of the drug and the Mg-ATP substrate. The ability of 
chlorpromazine either to stimulate or to inhibit the utilization of ATP suggests that 
it may function as a metabolic regulator. The possibility of attributing some of the 


pharmacologic properties of the drug to its apparent regulatory action is discussed. 
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Abstract—The fate of Myleran-*°S has been examined in three species. The rat and 
mouse excretes *°S-labelled materials in similar proportions, whereas the rabbit excretes 


only methane sulphonic acid-*°S. The rabbit appears to be deficient in the urinary 


component which combines with methane sulphonic acid in the rat and mouse. 


Cuin-Tsu PenG' has shown that after injection into rats of Myleran-*°S (approx. 4 
mg/kg in propylene glycol) the urinary metabolites (95-96 per cent of the dose after 


32 hr) consisted mainly of methane sulphonic acid, some Myleran and other unidenti- 
fied components. The amount of Myleran excreted unchanged within 24 hr was ap- 
proximately 6 per cent of the dose. More recently, with the same species, Trams et al.” 
have shown that, following a smaller dose (2 mg/kg intraperitoneally, solvent assumed 


to be 10 per cent acetone), 60 per cent of the radioactive dose was excreted in 24 hr. 
Of this activity, 62-68 per cent was methane sulphonic acid, 25-30 per cent Myleran, 
0-03-—0-04 per cent sulphate and 5-8 per cent an unidentified component. 


We have made some preliminary observations on the fate of Myleran-**S in three 
species at the same dose level (10 mg/kg) used by us in earlier studies.* The compound, 


prepared according to the method of Chin-Tsu Peng,’ with a specific activity of 8-6 


mc/m-mole, was given intraperitoneally in arachis oil. The radioactivity present in 
urine and plasma was determined using 0-02 ml samples dried on aluminium trays with 


appropriate corrections for absorption. 


In the rat, 50 per cent of the administered radioactive dose was excreted in the urine 
during the first 48 hr. The radioactive metabolites were separated by single-dimension 
paper chromatography (Fig. la) using two solvent systems, n-butanol :dioxan:2N 
ammonia (4:1:5) and n-butanol:2N acetic acid (1:1). Methane sulphonic acid and 
Myleran were identified whilst two components remained unidentified; one of these, 


(U1) lies very close to the methane sulphonic acid spot and the other (U2) is situated 
ahead of Myleran. Table | gives the R, values of these metabolites in the two solvent 
systems. The radioactive material present in the 24 hr urine sample was mainly methane 


sulphonic acid and U1; these are not completely separated but autoradiographs sug- 


gest that approximately equal amounts were present. Only small amounts of injected 
Myleran (5 per cent) and U2 (2 per cent) were found. The plasma radioactivity reached 


a maximum level (6 per cent of the dose) approximately 3 hr after administration 
(Table 2) and consisted chiefly of unchanged Myleran (90 per cent) and methane sul- 
phonic acid (8-10 per cent). No U2 was detected. 
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In the mouse, about 60 per cent of the radioactive dose appeared in the 24 hr urine 
sample. The relative amount of U1 was higher than in the rat, but the other three com- 
ponents found in the rat were also present in this species (Fig. 1b). The blood radio- 
activity reached a level of 1-6 per cent of the dose | hr after administration. 50-60 per 


cent being Myleran and the remainder methane sulphonic acid 


Tal RADIOACTIVE COMPONENTS OF URINE 0-24 HR AFTER 
ADMINISTRATION OF MYLERAN-“S 


Percentage distribution of 
radio-activity in urme 


Rat Mouse Rabbit 


origin 
0-12 100 
0-93 


radioactivity in the plasma 2} hr after injection into a rabbit was 1-4 
Mf this 20-30 per cent was unchanged Myleran, whereas methane 
counted for most of the remainder (Table 2). In 24 hr, 30 per cent 

e dose was excreted, entirely as methane sulphonic acid (Fig. Ic) 

e carried out to determine the stability of Myleran in plasma, uvine 

and buffered solution. Labelled Myleran was dissolved in urine and plasma from each 
phosphate buffer at pH 8-0. In each case 


Myleran hydrolysed with a half-life of 11-12 hr at 37 °C. In urine and plasma from the 


species (approx. 100 «g/ml) as well as in 


RADIOACTIVE COMPONENTS OF PLASMA 2-4 HR AFTER INJECTION 
OF MYLERAN-”S 


TABLE 


Rat Mouse 


Sulphate 
MeSO.OH 


The percentage distribution of radioactive components 
plasma following administration of Myleran-“S 
4 hr after injection 


rat and mouse U1! and U2 were present. There was no evidence of either component 
in the rabbit urine or in buffer. The unknown U1! may be a product of reaction of 
methane sulphonic acid with a urinary constituent, as suggested by Peng,’ but this 
latter must be lacking in the rabbit. These results also suggest that protracted methods 


for the extraction of the metabolites e.g. ether extraction in a Soxhlet apparatus over 
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Fic. 1. Radioautographs of chromatograms indicating the 24 hr urinary components in three species 
after administration of Myleran-*’S. Solvent system, n-butanol:2N acetic acid (1:1). (a) Rat. 
(b) Mouse. (c) Rabbit. (d) Myleran alone 
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several hours,” should be avoided. Myleran alone was stable under the chromato- 
graphic conditions employed forming a single spot (Fig. 1(d)). 

In summary, methane sulphonic acid was the only material excreted in the urine of 
a rabbit given *S-labelled Myleran. Rat and mouse urine contained, in addition to 
methane sulphonic acid and a little Myleran, two other unidentified components (U! 
and U2) which appear to be produced by reaction of labelled material with a substance 
not present in the rabbit. 

More detailed studies of the fate of sulphonoxy alkane groups in similar compounds 
are In progress. 
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Abstract—The excreted monohydroxy and deacetvlated metabolites of 2-, 3- and 


4-[Cl)chloroacetanilide in the urine of rats were determined The extent of ortho- 
Nvdroxy | C tive to the amino group) decreased in the same order as the relative 
LOXICILICS } pyretic activities of the administered drugs: 4- 3- 2-. Neither total 
hydrox ition nor para-hydroxylation followed this order. Deacetylation of the parent 
compound creased as the toxicity and antipyretic activity decreased Conjugation of 


the hydroxylated metabolites as etheral sulfates and glucuronides was observed 


PossIBLE relationships between metabolism and carcinogenicity of aromatic amines 


have been suggested by several investigators! 2? and the importance of the o-hydroxy- 
lated metabolites has been discussed in some detail.* These studies on the metabolism 
of carcinogenic amines have been extended also to simpler amines,‘ and it is possible 


that a systematic study with compounds of less complicated structure than the car- 


cinogens may offer a clue to the problem of the metabolism of aromatic amines as 


related to physiological response 
It has been established that the analgesic and antipyretic drug, acetanilide, is 
metabolized by deacetylation, hydroxylation and conjugation as glucuronides or 


ethereal sulfates. Studies in vitro by Bray et al.* indicate that substitution in the various 


positions in acetanilide affects the extent of deacetylation markedly Ring substitutions 
would also be expected to affect the position and extent of hydroxylation. In turn, 
such differences in hydroxylation and deacetylation might influence certain pharma- 
cological properties of the compound. In fact, studies by Argus e7 al.® showed that the 
position of chloro-substitution in the ring altered the toxicity and antipyretic activity 
of acetanilide. This information suggested that the isomeric chloroacetanilides might 
be of value in studying the relationship between metabolism and these biological 
activities. The use of chlorine as the substituent in the aromatic ring of acetanilide 
gives the added advantage of permitting the use of the radioactive isotope, **Cl, as a 
tracer In inverse isotope dilution experiments for identifying metabolites 

[he present study describes the quantitative determination or identification of 


metabolites of 2-, 3- and 4-[**Cl]chloroacetanilide in the urine of rats receiving these 
compounds. The possible relationship between routes of metabolism and observed 
differences in the biological effects of the administered compounds is discussed. 


* This work was supported by research grant C-1356 from the National Cancer Institute, Public 
Health Service 


Taken from a dissertation by M. Newell presented to the lt niversity of Florida, June 1958, in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
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Routes of metabolism of [**Cl]ring-substituted monochloroacetanilides 


EXPERIMENTAL 
Materials 
Melting points of all compounds are uncorrected. 
Radioactive compounds. 4-[**C\}Chloroacetanilide melting at 175-1 
a specific activity of 3-4 10* counts/min per mg was prepared according to Gryder 
et al.’ The synthesis of 3-[**Cl)chloroacetanilide (m.p. 73 °C; specific activity 1-5 = 10* 
counts/min per mg) and 2-[**Cl]chloroacetanilide (m.p. 88 “C; specific activity 


C and having 


2:1 10* counts/min per mg) were described previously 

Metabolites of 4-chloroacetanilide. 4-Chloroaniline and 4-chloroacetanilide (East- 
man) were recrystallized from 50°,, aqueous ethanol to sharp melting points of 72 “C 
and 178 °C, respectively, in agreement with the literature.*: '° 4-Chloro-2-hydroxy- 
aniline was prepared by the method of Hodgson and Kershaw."' Acetylation of this 
compound in benzene with equimolar portions of acetic anhydride yielded 4-chloro-2- 
hydroxyacetanilide, m.p. 190 

Vetaholites of 3-chloroacetanilide. 3-Chloroaniline (Eastman) was purified by dis- 
tillation: the fraction distilling at 226-227 “C at atmospheric pressure was used.° 
3-Chloroacetanilide (Eastman) was purified (m.p. 73 “C)' by recrystallization from 
50°,, aqueous ethanol. 3-Chloro-4-hydroxyaniline was prepared by the reduction of 
3-chloro-4-hydroxynitrobenzene (Eastman) with sodium hydrosulfite in 10°,, aqueous 
sodium hydroxide, according to the method of Christiansen.’* The crude compound 
was recrystallized from water in the presence of sodium bisulfite to m.p. 153 °C. 
Acetylation with equimolar quantities of acetic anhydride in benzene yielded 3-chloro- 
4-hydroxyacetanilide (m.p. 143 3-Chloro-6-hydroxyaniline was prepared 
similarly from 3-chloro-6-hydroxynitrobenzene (Eastman). It was rapidly recrystal- 
lized from water in the presence of a small amount of sodium hydrosulfite to prevent 
oxidation. The gleaming white amine, stable in air, melted at 140 “C; the m.p. recorded 
by Mottier' for this compound was 138 °C. 3-Chloro-6-hydroxyacetanilide (m.p. 
185 °C)" was obtained in good yield by acetylation of the amine with acetic anhydride 
in benzene 

Metabolites of 2-chloroacetanilide. 2-Chloroaniline (Eastman) was purified by 
distillation. The fraction distilling at 206-207 °C at atmospheric pressure was taken. 
2-Chloroacetanilide (Eastman) was recrystallized (m.p. 88 “C)'? from 50°, aqueous 
ethanol. 2-Chloro-4-hydroxyaniline was prepared by the method of Hodgson and 
Kershaw,"! m.p. 160°. 2-Chloro-4-hydroxyacetanilide was prepared by acetylation 


of the amine with equimolar quantities of acetic anhydride and recrystallized from 
absolute ethanol to m.p. 124-125 °C: Hurst and Thorpe’® report m.p. 121 °C. The 
infrared spectrum, however, had one strong carbonyl band at 5-9 ,, a finding indicating 


the presence of only one acetyl group, and a broad medium band centered at 3 «, an 
observation which demonstrates the presence of a free hydroxy group. The compound 
was soluble in dilute aqueous sodium hydroxide, a circumstance which indicates that 
the hydroxy group was unsubstituted (Found: N, 7:5; Cl, 19:7; Calc. for CsHsO,NCI: 
N. 7-5: Cl, 19:1°,). 2-Chloro-6-hydroxyaniline was synthesized by reduction with 
sodium hydrosulfite of 2-chloro-6-hydroxynitrobenzene, in a manner similar to that 
used by Christiansen" for 3-chloro-4-hydroxyaniline. The intermediate nitro compound 
was prepared by the method of Hodgson and Moore."* 2-Chloro-6-hydroxyacetanilide 
was obtained by acetylation of the corresponding amine hydrochloride in water. The 
amine was suspended in water and 10 N Cl was added dropwise until the compound 
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dissolved. The solution was warmed to 50 °C and 1-15 Equiv. of acetic anhydride were 
added while the solution was stirred vigorously. Saturated aqueous sodium acetate 
solution, in amount sufficient to neutralize the acidity of the solution and to precipi- 
tate the product, was added immediately. The compound was washed with water and 
recrystallized from aqueous ethanol, m.p. 190-191 °C (Found: Cl, 19-2: Cale. for 
C,H,O,NCI: Cl, 19-1°.,). The infrared spectrum revealed one strong carbonyl! band at 
6 and a broad medium (hydroxy) band centered at 3-2 «: hence. acetylation did 
10t affect the hydroxyl group 

Enzymes. 8-Glucuronidase (bacterial powder, 25,000 units/g) was purchased from 
the Sigma Company, St. Louis, Mo. Takadiastase, a plant sulfatase, was purchased 
from Parke, Davis and Company, Detroit, Mich 


Vethods 

Care of animals and collection of urine. Male Sprague-Dawley rats (390-490 g) 
were kept in metabolism cages that permit the collection of urine free from feces. All 
animals had free access to Purina Laboratory Chow and water. The animals were 
kept in an air-conditioned room at a constant temperature of 22 °C. The rats were 
injected intraperitoneally with either 4-, or 3- or 2-[**Cl]chloroacetanilide in a single 
dose: 100 mg per kg of body weight. The compounds were suspended in a 2 per cent 
methyl cellulose solution. Urine samples from animals receiving the same compound 
were pooled; two rats were used for 2-[*Cl}chloroacetanilide and for the 4-isomer. 
while three rats were administered the 3-isomer. The urine was collected for a period of 
72 hr after injection, in vials which were packed in dry ice; thus, the urine was frozen 
as soon as it was delivered into the vial. The vials were changed every 4 hr, in order that 
the urine was given no opportunity to thaw. Thus, bacterial or enzymatic action was 
prevented. The radioactivity in each 4 hr urine sample was determined by counting 
duplicate planchets, each plated with 0-1 ml of urine. The most active urine samples 
were pooled for use in quantitative determinations and qualitative identifications of 
metabolites, in inverse isotope dilution experiments 

General counting procedure. A carefully weighed amount (approximately 200 mg) 
of the postulated metabolite was added to a sample (3 or 5 ml) of urine (giving 33,800 
to 78,000 counts min) and the inactive compound was brought into equilibrium with 
any chemically identical radioactive material in the urine sample by refluxing for 5 hi 
(equilibrium was not established in some of the qualitative studies in which a milder 
procedure was used). The metabolite was precipitated by cooling and brought to 
constant specific radioactivity by successive crystallizations from several solvents. In 
some cases this was done following conversion to the acetyl derivative. For determina- 
tion of specific activity, 0-2 ml of a solution (5 mg/ml) in 95°, aqueous ethanol was 
plated on duplicate planchets in an almost infinitely thin layer 

To determine when the constancy of radioactivity was reached in some cases. in 
which several recrystallizations were made from the same solvent. activity of the 
recrystallizing medium was taken. The metabolite was dissolved, allowed to crystallize 
slowly in a centrifuge tube, left for 12 hr at 5 °C .and then centrifuged for 5 min. The 
supernatant fraction was removed immediately with a sintered-glass filter stick and 
0-1 ml was plated on duplicate planchets. Each sample was plated at the same tem- 
perature, thus insuring equal saturation of the solvent with the solute. When the 
activity of the recrystallizing medium was constant for at least two recrystallations, 
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the solid phase was also assumed to have constant activity: the specific activity of the 
crystallized metabolite was then determined. 

All planchets were counted for at least 4840 counts or. if the activity was low, for a 
period of at least 2 hr. Background was counted for periods of 2 hr on three or more 
occasions during each day. All measurements were made in a Q-gas counting chamber 
with a thin window (Nuclear Corporation of Chicago, model D-47) and an automatic 
sample changer (model C-110) and a scaler (model 183) with an efficiency of 20 per 
cent, as calculated against a ®*°Co standard. The amount of metabolite (expressed as 
percentage of radioactivity in the urine) was calculated with the aid of the formula: 


(mg non-radioactive (specific activity of compound 
; compound added) » recovered in counts/min per mg) 

metabolite < 100 

total activity of the urine sample in counts/min 

Determination of the metabolites. Quantitative determinations were made of: (a) 
the unchanged parent compounds; (b) the N-deacetylated parent compounds; (c) the 
total hydroxy metabolites of each hydroxyaniline derivative, in order to determine the 
total amount of hydroxylation in a given position; and (d) inorganic chloride ion: 
in addition, qualitative studies were made to determine the presence in the urine of: 
(e) the unconjugated monohydroxy derivatives of the parent compounds and of the 
N-deacetylated compounds; and (f) the glucuronides and etheral sulfates of the mono- 
hydroxy derivatives of the parent compounds and N-deacetylated compounds. These 
estimations of the individual, conjugated and unconjugated, monohydroxy derivatives 
are considered as only qualitative since the sum of the recoveries of the individual 
metabolites hydroxylated in a given position did not equal the total hydroxy deriva- 
tive obtained following complete acid hydrolysis. Although the same general methods 
were used as for the quantitative studies, it is possible that enzyme hydrolysis was 
incomplete and equilibrium between non-radioactive and radioactive metabolites 
could not always be established. 

(a) Unchanged parent compounds. For addition to the urine samples, 2-chloroacet- 
anilide and 4-chloroacetanilide were dissolved in acetone, and 3-chloroacetanilide 
was dissolved in 95°, aqueous ethanol. Following refluxing, all three compounds 
precipitated on cooling to 5 °C. 2-Chloroacetanilide was purified by successive 
crystallization from 50°, aqueous ethanol to radioactive constancy of the recrystal- 
lizing medium. 3-Chloroacetanilide was recrystallized successiv ely from 50°, aqueous 
ethanol, 50°, aqueous methanol, 30°,, aqueous acetic acid and four times from 25% 
aqueous ethanol. 4-Chloroacetanilide was recrystallized from 50°, aqueous ethanol 
and further purified by deacetylation and reacetylation as follows: the compound was 
was refluxed 30 min in 10°, sodium hydroxide to remove the acetyl group, the reaction 
mixture was then cooled, made neutral with 2 N H,SO, and extracted with benzene: 
the 4-chloroaniline was reacetylated with acetic anhydride in the extraction solvent. 
The solvent was distilled off and the 4-chloroacetanilide recrystallized to constant 
radioactivity from 50°, aqueous methanol and twice from 50°, aqueous ethanol. 


(b) N-Deacetylated parent compounds. 2-Chloroaniline and 3-chloroaniline were 
dissolved in 95°, aqueous ethanol. After refluxing with the urine samples, the solutions 
were cooled to 50 °C and ihe compounds precipitated as the acetyl derivatives in the 
following manner: HCI was added to form the amine hydrochloride, and acetic acid 
and a saturated aqueous solution of sodium acetate were added in immediate succession. 


ia 
* 
c 
960 q 
rye 
; 


14 Marsorie Neweit, Mary Arcus and F. E. Ray 


The 2-chloroacetanilide was recrystallized six times from 50°,, aqueous ethanol 
and the 3-chloroacetanilide was successively crystallized from 50°,,aqueous ethanol, 


25", aqueous methanol, 25°,, aqueous acetic acid, and six times from 25°; aqueous 


ethanol to constant activity of the recrystallizing solvent. 4-Chloroaniline was added 
to the urine in solution in acetone. After refluxing, the compound, which precipitated 
on cooling, was recrystallized from 50°,, aqueous ethanol and acetylated in benzene 
with acetic anhydride. The 4-chloroacetanilide was successively crystallized from 30° 
aqueous methanol and three times from 50°,, aqueous ethanol. For the calculations. 
the weights of the acetyl derivatives equivalent to the non-radioactive chloroanilines 
added, were used 
(c) Total hydr metabolites. The radioactive urine samples were each refluxed with 
> ml of 10 N H,SO, for | hr to assure removal of the acetyl, sulfate and glucuronide 
moieties from the hydroxy derivatives. The solutions were then cooled and made 
neutral with 10 N NaOH. A carefully weighed amount (about 200 mg) of the mono- 
hydroxyaniline metabolite to be tested for was added in acetone and the mixtures were 
refluxed for 5 hr. At the end of the refluxing period the reaction mixtures were cooled 
and sodium sulfate was removed by filtration and twice washed with acetone to remove 
any occluded metabolite. In each case, acetone washings and filtrate were combined 
and 1 lume of solvent was reduced by distillation; 2-chloro-6-hydroxyaniline and 
4-c! ).] xyaniline precipitated when the solutions were cooled to 5 °C. The 
former compound was recrystallized from 50°, aqueous ethanol and then seven times 
om water (containing sodium hydrosulfite). The latter compound was recrystallized 
siX times [rom water (in the presence of sodium hydrosulfite). To precipitate the 
2-chloro-4-hydroxyaniline it was necessary to adjust the pH of the solution to 8. The 
product was recrystallized from water (containing sodium hydrosulfite) to constant 
lizing medium. 3-Chloro-4-hydroxyaniline and 3-chloro-6- 
tated with the sodium sulfate. Repeated washings with water 
manic sulfate. 3-Chloro-4-hydroxyaniline was recrystallized from 
1 then seven times from water (containing sodium hydrosul- 
droxyaniline was successively crystallized from water, 50 
aqueous inol, SU", aqueous methanol, and five times from water to constant 
(d) /norg fe ion. A sample of urine was placed in a 15 ml conical centrifuge 
ibe and acid h 6 N nitric acid. The urine was heated to 50 °C in a water bath 
ind 0-1 iver 1 ite was added dropwise Coagulation of the formed silver chloride 
induced by stirring and heating. When no further precipitation occurred, the 
was spun dow: he supernatant fraction was tested for unprecipitated chloride 
when none was detected. The precip ated silver chloride was 
16 ml of water and once with aqueous ethanol, dissolved 
12 N ammonit ydroxide, and filtered by meat i filter stick into a clean tube 
filter stick \ thoroughly washed with 6 N ammonium hydroxide. The silver 
tated with nitric acid, and the procedure of washing, re-solution, 
and transfer to a clean tube was repeated twice: finally, transfer was made to a tared 
tube. The final precipitate of silver chloride was dried at 120 °C for 4 hr. The carefully 
then dissolved in such an amount of 12 N ammonium hydroxide 
that cach 0-1 ml contained | mg of silver chloride; 0-1 ml was plated on each of two 


planchets ar i¢ radioactivity was recorded. The process was repeated until constant 
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radioactivity of the silver chloride was reached. The percentage of radioactivity in the 
urine attributable to [*Cl)chloride ion was determined from the formula: 


specific activity of AgCl in counts/min per mg = mg AgCl 


”.. chloride ion 100 


total activity of urine sample in counts/min 


(e) Unconjugated monohydroxy derivatives. The hydroxychloroacetanilides and 
hydroxychloroanilines were added to the urine samples in solution in 95°,, aqueous 
ethanol. These mixtures were then refluxed for 5 hr, except for 4-chloro-2-hydroxy- 
acetanilide and 4-chloro-2-hydroxyaniline which were stirred at room temperature for 
14 hr. Cooling of the solutions to 5 °C was sufficient to precipitate each compound 
2-Chloro-4-hydroxyacetanilide, 2-chloro-4-hydroxyaniline and 4-chloro-2-hydroxyani- 
line were repeatedly crystallized from water; with the aniline compounds sodium 
hydrosulfite was present. The other unconjugated monohydroxy derivatives were 
brought to constant specific activity by successive crystallizations as follows: 2-chloro- 
6-hydroxyacetanilide—S0°,, aqueous acetone, 50°,, aqueous ethanol, 25°,, aqueous 
methanol, and twice more from 50°,, aqueous ethanol; 2-chloro-6-hydroxyaniline 
twice from 50°, aqueous ethanol and five times from water containing sodium hydro- 
sulfite; 3-chloro-4-hydroxyacetanilide—25°,, aqueous ethanol, 25°,, aqueous acetic 
acid, 25°,, aqueous methanol, and six times from 25°,, aqueous ethanol; 3-chloro-4- 
hydroxyaniline—25°,, aqueous ethanol, 25°,, aqueous methanol, 25°,, aqueous acetic 
acid, and five times from water containing sodium hydrosulfite; 3-chloro-6-hydroxy- 
acetanilide—5S0O°,, aqueous ethanol, 50°,, aqueous methanol, 50°,, aqueous acetic 
acid, and again five times from 50°,, aqueous ethanol: 3-chloro-6-hydroxyaniline 
25°,, aqueous ethanol and six times from water containing sodium hydrosulfite: 
4-chloro-2-hydroxyacetanilide—30°,., aqueous methanol, 25°, acetic acid, and four 
times from 50°,, aqueous ethanol 

(f) Glucuronides and ethereal sulfates of the monohydroxy derivatives. Each radio- 
active urine sample, added to a 5 ml portion of potassium phosphate buffer (pH 6-8), 
was incubated 24 hr at 37-5 C with 5 ml of either 1°, aqueous §-glucuronidase or | 
aqueous Takadiastase to remove the glucuronide or ethereal sulfate moieties. After 
incubation each mixture was filtered to remove any excess enzyme. The inverse isotope 
dilution technique was then applied in the same manner as for unconjugated hydroxy 
derivatives described in (ec) above. The amount of hydroxy metabolite present in the 
samples after enzymatic hydrolysis was calculated with the aid of the isotope dilution 
formula. In each case this value was then subtracted from the amount of correspond- 


ing free hydroxy metabolite previously determined, in order to establish the presence 


of the metabolite freed by the enzyme 


RESULTS AND DISCUSSION 
In our qualitative studies attempt was made to identify those monohydroxy metabol- 
ites which could be expected on purely chemical grounds from the fact that amino, 
acetylamino and chloro substituents are ortho—para directing, the amino group being 
the most powerful in this respect and the chloro group the least. 
4-Chloro-2-hydroxyacetanilide and the deacetylated derivative, 4-chloro-2-hydroxy- 
aniline were found unconjugated and also as the glucuronides and ethereal sulfates. 
The pattern of conjugation was different for the hydroxy metabolites of 2-chloro- 
acetanilide and the hydroxy metabolites of 3-chloroacetanilide. Both 3-chloro-4- 
hydroxyacetanilide and its deacetylated derivative were found unconjugated. and also 
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as ethereal sulfates. 3-Chloro-4-hydroxyacetanilide, but not 3-chloro-4-hydroxyaniline, 
was conjugated as the glucuronide. A variation exists with 3-chloro-6-hydroxyace- 
tanilide and its deacetylated derivative. Here both metabolites were found uncon- 
jugated and conjugated as the glucuronides, but only the acetylated compound existed 
as the ethereal sulfate. Neither 2-chloro-4-hydroxyaniline nor 2-chloro-6-hydroxy- 
aniline was found unconjugated; both gave glucuronides and ethereal sulfates. On the 
other hand, of the corresponding acetylated metabolites, 2-chloro-4-hydroxyace- 
tanilide was identified in all three forms, while 2-chloro-6-hydroxyacetanilide was 
found only as the ethereal sulfate. This last compound was the only N-acetylated 
hydroxy metabolite of the five isomers investigated which was not found in an uncon- 
jugated form. Each of the administered chloroacetanilides was also excreted in the 
urine partly as the deacetylated chloroaniline. Thus, N-deacetylation of the chloro- 
acetanilides can occur independently from hydroxylation. 

The results of the quantitative determinations of excreted metabolites are given in 
Table |. In previous investigations® the administered compounds were found to have 


TABLE |. QUANTITATIVE RECOVERY OF RADIOACTIVITY FROM THE URINE OF RATS INJECTED 
WITH 4-, 3- OR 2-[*°CI}CHLOROACETANILIDI 
(Expressed as percentage of radioactivity in urine) 


4-Chloro- 3-Chlioro- 2-Chloro- 
Compound acetanilide acetanilide acetanilide 


Unchanged chloroacetanilides 1-34 3-18 
Chlioroanilines 5 8-26 28-28 
4-Hydroxy derivatives 

(para to amino group) $7-32 45-10 
2-Hydroxy derivatives 

(orthe to amino group) 61°96 
6-Hydroxy derivatives 

(ortho to amino group) 
Total hydroxylation 

(sum of lines 3, 4 and 5) 61-96 
Inorganic chloride ion 1-18 

Total percentage 70-30 


the following decreasing order of both toxicity and antipyretic activity: 4-chloro- 
acetanilide, 3-chloroacetanilide, 2-chloroacetanilide. For convenience in discussion, 
the parent compounds have been listed in Table | in this decreasing order. The amount 
of unchanged parent compound in each case was less than 5 per cent and did not 
follow the pattern of toxicity. The amounts of deacetylated parent compounds (i.e. 
4-, 3- and 2-chloroaniline; line (2) followed a pattern: the most toxic compound, 
4-chloroacetanilide, was the least deacetylated, while the least toxic compound, 
2-chloroacetanilide, was deacetylated to the greatest extent. This order is contrary to 
the expectation that the more deacetylated chloroaniline formed, the more toxic the 
parent compound should be, since it is known that aniline is much more toxic than 
acetanilide.'’ This apparent inverse relation between the extent of deacetylation and 
toxicity of the substituted acetanilides may be attributable to increased solubility in 
body fluids and, thus, to faster elimination of the compound as a result of deacetyla- 
tion. In fact, more rapid elimination occurs with 2-chloroacetanilide than with 
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4-chloroacetanilide. Thus, in the rat peak excretion occurred at 6 hr following 
intraperitoneal injection of 2-chloroacetanilide, but not until 24 hr with 4-chloro- 
acetanilide.'* 

The total amount of hydroxylation in a given position, as determined after acid 
hydrolysis of the acetyl, glucuronide and ethereal sulfate derivatives, is given in 
lines (3), (4), (5) and (6) of Table 1. With 4-chloroacetanilide, hydroxylation cannot 
occur in the 4-position, since it is blocked by the chloro-sustitituent. The very small 
amount of inorganic chloride ion found in the urine (Table 1, line 7) shows that the 
block in the 4-position remains substantially intact. Initially, it was thought that the 
absence of p-hydroxylation may account for the high toxicity of 4-chloroacetanilide. 
For the two chloroacetanilides with the 4-position free, however, 2-chloroacetanilide 
exhibited less hydroxylation in the 4-position than did the more toxic 3-chloro- 
acetanilide. 

The extent of hydroxylation that occurred in the 2- and 6-positions (both of which 
are ortho to the amino group) followed the pattern of relative toxicity and antipyretic 
activity. 4-Chloroacetanilide exhibited the most extensive ortho-hydroxylation; this 
occurred to an extent almost two and a half times that found for 3-chloroacetanilide 
and more than seven times that found for 2-chloroacetanilide. Unfortunately, these 
experiments had to be terminated before the LD, values for the 2- and 6-hydroxylated 
metabolites could be determined, since the results might have supported the suggestion 
that the toxicity of the parent compounds is related to the amount of o-hydroxy com- 
pound formed. The apparent relation of o-hydroxylation to the physiological activities 
of the chloroacetanilides is analogous to that found for the carcinogenic activity of 
certain aromatic amines. Bonser ef a/.' have shown a relationship between the amount 
of 2-aminonaphthalene that is excreted by an animal as an o-hydroxy metabolite, and 
the carcinogenic response to the parent compound. Weisburger et a/.? have found that 
in a susceptible species, the rat, a much greater total o-hydroxylation of 2-acetyl- 
aminofluorene occurs than in a resistant species, the guinea pig. 

The extent of total recovery of radioactivity (Table 1, line 8) indicates that meta- 
bolites other than those investigated must be present in the case of 4-chloroacetanilide 
and possibly in the case of the 2-isomer. Mercapturic acid formation may account in 
part for this low recovery. Although aromatic amines are not known to form mercap- 
turic acids, halogen derivatives may be converted by certain mammalian species to 
this types of metabolite. Bray et a/.'* found that mercapturic acid formation is a minor 
metabolic pathway for 2- and 4-chloronitrobenzene, but not for 3-chloronitroben- 
zene. In the two former compounds, mercapturic acid apparently is formed by 
acetylcysteyldechlorination. On the other hand, mercapturic acids from mono- 
chlorobenzene and polychlorobenzene are products of acetylcysteyldeprotonation.?® 
The small amount of free chloride ion excreted in the chloroacetanilide series (Table 1, 
line 7) suggests that if mercapturic acid formation takes place in these compounds it 
does so largely through acetylcysteyldeprotonation, rather than through acetyl- 
cysteyldechlorination. Other possible metabolites which were not tested for are poly- 
hydroxy compounds, N-glucuronic acids, sulfamic acids and products of aromatic 
ring breakage. 

In conclusion, no simple unifying rule can be formulated in the chloroacetanilide 
series which completely correlates toxicity, antipyretic activity and relative participa- 
tion in the metabolic routes investigated. The only consistent pattern is that of 
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o-hydroxylation, which follows the same order as the relative toxicities and anti- 
pyretic activities 
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From the observation that toxin from Clostridium welchii causes degranulation 


Abstract 


of mast cells it has been concluded that phospholipase C is responsible for this effect.*:’ 


In the present study it has been shown that the mast cell degranulating agent is not phos- 


pholipase C but probably phospholipase A, originating from the sterile culture medium. 


IN SOME recent papers from our laboratories it has been suggested that synthetic 


polymer amines such as compound 48/80, “histamine liberators” isolated from 


Ascaris suis and Cyanea capillata, and antigen induce degranulation of rat mast cells by 


activating a lytic enzymatic process in the mast cell.!~*® For reasons mentioned in these 
papers the enzyme was thought to be a phospholipase, related to or identical with 


phospholipase A. 
It was observed*.’ that mast cells were degranulated when exposed to Clostridium 


welchii toxin, and concluded that the degranulation was caused by a-toxin, the toxin 
assumed to be identical with phospholipase C. Some of our observations, e.g. the 
action of various enzyme inhibitors on mast-cell disruption, did not lend weight to the 


assumption that phospholipase C was the enzyme in question, but rather contradicted 
it. 

The aim of the present study was to investigate the nature of the mast cell degranulat- 
ing factor in the C/. welchii toxin. 


MATERIALS AND METHODS 


Preparation of crude toxin 

Medium for cultivation of C/. welchii* contained pancreatic digest of casein, 
Na,HPO,, KH,PO,, MgSO,, dextrin and thioglycollic acid. For sterilization the 
medium was heated to 100 °C for 20 min and to 120 °C for 30 min. 

To 155 ml of this medium, the pH of which had been adjusted to 7-5, was added 
0-5 ml of a C/. welchii stock culture (strain CN 1491). The inoculated broth was kept 
at 35 °C for 16 hr and in the refrigerator for another 8 hr. Some 25 ml of this seed 
culture was inoculated into the vessel used for toxin production. The same medium was 
used, and the culture was kept at 35 °C for 16 hr. The culture was then run through a 
Seitz filter. The filtrate was concentrated by freeze-drying, dialysed against distilled 
water, then freeze-dried again. Finally it was dissolved in distilled water. 
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Fractionation of mast-cell degranulating factor 

A sample of 3 g of IRC 50 (XE-64) was buffered with O.1.M H,NOH-HAc to 
pH 7-6. A toxin preparation (9 ml) was carefully stirred with the resin for 10 min and 
allowed to stand at 4 °C for | hr. It was then charged into a chromatogram tube of 
10 mm diameter, washed with 10 ml distilled, demineralized water, then eluted 
with 0-1 N H,NOH 


Fractionation of a-toxin 

Cl. welchii a-toxin was prepared by ammonium sulphate fractionation and nucleic 
acid precipitation.’ In order to obtain a stable preparation it was dialyzed against 
glycerol at 3 °C 

Phospholipase A. Prepared from bee venom 


Observations on mast cells 

he technique was that described by Hégberg, and Uvnis! with the modification that 
the mesentery was incubated in a buffered solution (pH 7-0) containing 1-6 x 10°" M 
NaCl, 3 1l0O-* M KCl, 9 10-* M CaCl, (anhydrous) and 10 per cent Sérensen 
phosphate buffer (3 10-* M Na,HPO,, 2 H,O + 3-5 « 10>? M KH,PO,) 


Haemolysis 

The haemolytic activity was determined on washed erythrocytes of rat. The buffered 
solution described in the last preceding section was used. Each test tube contained 
0-4 ml of the solution to be tested, 0-4 ml of inhibitor (or buffer) and 3-2 ml of the 
erythrocyte suspension (about 2 per cent). The tubes were incubated at 37 °C for 3 
hr. The reaction was stopped by centrifuging at 5000 rev/min for 5 min. The extinction 
was determined in a Hilger Biochem Colorimeter at 5500 A. using 13 mm round 


cuvettes. 


Vanometric procedure 

The reactivity of phospholipase A and C can be measured by manometric proced- 
ures.'®-"! The reaction mixture in our experiments had the following composition: 
2-0 ml 4% lecithin (or phosphatidyl ethanolamine) in water: 0-3 ml M NaHCO, : 0:3 
mi distilled water; 0-3 ml enzyme solution, diluted in 1°, albumin and 0-004 M 
CaCl,. The flasks were filled with 100°, CO,. In experiments with antitoxin the toxin 
and antitoxin were pre-incubated 30 min before being put into the substrate-containing 
mixture. 

RESULTS 

Well-known effects of phospholipase C are the hydrolysis of lecithin and the (direct) 

lysis of erythrocytes. From Fig. | and 2 it is evident that our C/. welchii toxin has both 


FiG. 1. Haemolysis @ - @ and mast cell degranulation caused by crude 
Clostridium welchii toxin. 
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Fic. 2. Hydrolysis of lecithin caused by crude Clostridium welchii toxin 


of these properties and in addition degranulates mast cells. The apparent correlation 
between these actions is consonant with the idea that they might be due to one and 
the same factor, i.e. phospholipase C. However, several arguments can be presented 
against this conclusion: 

(1) Antitoxin against C/. we/chii inhibited the haemolytic action of the toxin but not 
its mast cell degranulating action (Fig. 3). 


80 


Fic. 3. Inhibition by Clostridium welchii antitoxin of haemolysis caused by crude toxin 


@-.-.-@-.-.-@ without antitoxin; @..... @ with antitoxin. Note the absence of 
inhibition of mast-cell degranulation, - - © without antitoxin; with 


antitoxin. 


Fic. 4. Separation of mast-cell degranulating factor from haemolytic factor 
.2 -* @ in crude Clostridium welchii toxin. Small figures refer to number of the elutate 
Dilution 1:40. 
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(2) Using Amberlite IRC 50 (XE-64), the mast cell degranulation factor in the toxin 
preparation was separable from the haemolytic one (Fig. 4). This latter factor was not 


recovered from the resin. Possibly it was denatured." 
(3) With salt fractionation and nucleic acid precipitation it was possible to obtain 


fractions with high haemolytic and lecithin splitting activities. These fractions did not 


hydrolyse phosphatidyl ethanolamine, nor did they degranulate mast cells. The 


was blocked by C/. we/chii antitoxin (Figs. Sa, b and c) 


hydrolytic actiy 


welchii toxin (1) 


s (il) 


m OF partly purihed C 


absence of mast cell degranulation 


(4) It was observed that even the sterile culture medium contained a mast cell 


degranulating factor. There was no increase of the degranulating activity after the 


growth of C/. we (Fig. 6) 
The above observations militate against the supposition that the mast cell de- 


granulation is due to phospholipase C in the toxin. It is more likely to be due to the 


presence of phospholipase A in the culture medium, since 


(a) Ox pancreas organ rich in phospholipase A, was one of the raw materials 


for the culture medium. It is true that the broth was sterilized by heating to 120 °C, 
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but phospholipase A is known to be unusually heat resistant. In control experiments 


extracts of ox pancreas heated to 120 °C still showed mast-cell disrupting activity 
(Fig. 7). 


Inhibition of lecithin hydrolysing action of Clostridium welchii toxin by Clostridium welchii 


antitoxin. 1: Without antitoxin. Il: With antitoxin 


Fic. 6. Haemolysis @ = @ and mast-cell degranulation caused by sterile 
culture medium 


Fic. 7. Heat resistance of mast-cell degranulating factor in extract of ox pancreas 
untreated medium; @ + 


@ sterilized medium. 
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(b) Phospholipase A acts on e.g. phosphatidyl ethanolamine: phospholipase C does 
not. With the Warburg technique it was found that the culture medium was able to 
split both lecithin and phosphatidyl ethanolamine (Fig. 8). 

(c) Phospholipase A is able to lyse red blood corpuscles (e.g. from the rat) only in 
the presence of lecithin. In our experiments the sterile culture medium required leci- 
thin for its haemolytic action. This is in contrast to the direct haemolytic activity of 
the toxin preparation 


Fic. 8. Hydrolysis of lecithin (1) and phosphatidyl ethanolamine (ID produced by sterile culture 
medium. 
DISCUSSION 
Some properties of phospholipase A and C, including the influence of Cl. welchii 
antitoxin, are listed in the Table 1. The data indicate that the mast-cell degranulating 


TABLE |. SOME PROPERTIES OF PHOSPHOLIPASE A AND PHOSPHOLIPASE C 


Hydrolysis Hydrolysis Direct Indirect Mast-cell Inhibition 
of of phos- haemo- haemo- degranu- by Ci. 
lecithin phatidyl lysis lysis lation welchii 
ethanola- antitoxin 
mine 


Phospholipase A 


Phospholipase ( 


factor in our toxin preparation was not phospholipase C: The mast cell degranulation 
caused by the toxin was not inhibited by C/. we/chii antitoxin. Fractions causing 
haemolysis and hydrolysis of lecithin in vitro did not degranulate mast cells and did 
not attack phosphatidyl ethanolamine. The haemolytic and lecithin-splitting actions 
were blocked by C/. welchii antitoxin. Evidently it is possible to separate a phos- 
pholipase C fraction showing no mast-cell degranulating ability. 

In fact the mast-cell degranulating factor does not even seem to be formed by the 
bacteria. It already occurs in the sterile culture medium, and the observations are 


: 
Py, 
‘ 5 
196% 
we 
= 
4 
: 
4 
> 


Role of phospholipase A and C in mast cell degranulation 45 


consistent with the assumption that it is phospholipase A: It contains a principle that 
splits phosphatidyl ethanolamine, and it requires lecithin for its haemolytic action. 

Hégberg and Uvnis' suggested that the degranulation of mast cells induced by 
compound 48/80, agents extracted from Ascaris suis and Cyanea capillata, and antigen 
was due to an enzymatic process localized in the mast cell, involving the activation 
of a lytic enzyme attacking the phospholipids of the membranes. The influence of 
inhibitors suggested that the enzyme is related to phospholipase A but not to phos- 
pholipase C. The observation that the mast-cell degranulating factor in the crude C/. 
welchii toxin is not phospholipase C but probably phospholipase A tends, in our 
opinion, to support our theory. 
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Abstract—Degrano! had no effect on the total lipid content of the whole tumour if 
iry tissue. In the florid tumour part it reduced the glycerides and increased the 


referred to 
phospholipids, while in the necrotic part it increased the former and reduced the latter 
in amount. In the hepatic tissues it caused a fall of the glycerides and produced a smaller 
rise of the phospholipids. It also caused a rise in the fatty acids in all three types of tissue, 
reaching peaks © hr after injection. No changes were observed in total cholesterol 
after giving the drug. At 24 and 48 hr following treatment, the polyunsaturated spots 
i components of the phospholipids were found to have decreased. The 
nts of the glycerides in the nectrotic tumour tissues contained 
noleic acid, and in addition, polyunsaturated fatty acids. The spot of 

nd to have disappeared at 24 hr after Degranol. At 72 hr it reappeared 


t was also seen in the florid tumour tissues 


MALIGNANT tumours show excessive accumulation of fat which is not seen in normal 
tissue.’ Their necrotic parts reveal characteristic changes in total lipid composition 
glycerides decrease in amount while steroids and fatty acids increase.* In the view of 
some investigators these alterations characterize every type of tumour,’ in that of 


others they are primary in certain tumour types but secondary in the rest.* Cytotoxic 


agents materially influence the histology of transplanatable rat tumours.° 


The aim of the present work was to study the effect of Degranol (BCM) on the lipid 


composition of tumours; more precisely, of the tissues of the three different zones 


distinguishable in every tumour, namely the florid, the necrotic, and the intermediate 


zone. The study was at the same time extended to the hepatic tissues of the tumour 


bearing animal 


Degranol is tl rogen mustard derivative of D-mannitol, and its biological and chemical pro- 


CH,NHCH,CH,C! 


C.OH 
C.OH 


CH,NHCH,CH,C! 
perties have been described by Keller and Németh.** 
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Accordingly, we determined the amount of total lipid extracted from the tissues: the 
ratio in it of the acid-soluble to the acid-insoluble lipids; the free fatty acid content of 
the acid-soluble fraction; and the amount of the total, the free and the esterified chole- 
sterol, respectively. In addition, both the composition and amounts of the fatty acids 
released on saponification of the glycerides and phospholipids were determined. 


METHODS 

Wistar rats, 3 months old and all fed the same diet throughout the experiments, were 
used. Subcutaneous implants of bits of Guérin tumour, the size of a pea, were made in 
the left interscapular region, and when the tumours reached n = 4 size* each rat was 
given a 50 mg/kg intravenous dose of Degranol. Nine animals at a time were killed at 
24, 48, 72, 96, 120, 148 and 220 hr after injection, and their tumours and livers 
were pooled in sets of three for further work. The tumours were cleaned from their 
connective-tissue sheath and cooled to from 0° to +3 °C, after which they were 
divided into three parts corresponding to the macroscopically distinguishable florid, 
necrotic and intermediate zones. 

Wet weights of the separate tumour parts were established gravimetrically, and the 
liver was weighed. Water was removed from the tissues by lyophylization according to 
the method of Hack.’ Water content was computed from difference in weight. Total 
lipid was extracted with hot petroleum ether at a temperature not exceeding 80 °C, 
and the extract was evaporated to dryness. From the residue the glycerides, the free 
fatty acids, and the cholesterol were dissolved in acetone, leaving over the acetone- 
insoluble phospholipids. All these lipid constitutents were determined gravimetrically 

Free fatty acid content was determined with Jaky’s* micromethod. For the purposes 
of evaluation a series of known fatty acid contents was prepared from 50 ug upwards. 
Evaluation was done by colorimetry. 

Total and esterified cholesterol was determined by the Liebermann—Burchardt 
reaction, and free cholesterol was computed from the difference between the two.* 

Glycerides and phospholipids were saponified in the warm in a stream of N,. The 
fatty acid components were separated by paper chromatography, in a hydrophobic 
phase, using the paraffin impregnation method of Spiteri and Michales,™ slightly 
modified. In some preliminary experiments Kaufmann’s'® petroleum impregnation 
procedure had been tried, but was discarded because it involved substantial loss of 
time and material to prepare a fraction that would distil through at temperatures 
between 190 and 220 “C from the commercial petroleum we had to use for the lack of 
“Undekan” or some similar preparation, and because it had proved very difficult to 
attain and maintain in the strips the optimal petroleum concentration of from 180 to 
200 mg/g. Our modification of the Spiteri-Michales method was to dissolve the paraf- 
fin 15°,, benzene instead of 10°, ether, because the form evaporates more slowly 
which is an advantage when great many strips have to be impregnated. Kaufmann’s'™ 
solvent system (75°, acetic acid and 25°, acetonitrile) was used in the preliminary 
exploratory experiments, but on paper impregnated with paraffin it yielded more than 
usually high R, values and imperfectly separated spots. According to Kaufmann" the 
separation of fatty acids is brought about partly by the action of the more powerful 
acetic acid which represses the tendency of fatty acids to dissociate at different rates. 
This involves several days before adequate separation develops. Kaufmann” shortened 
separation time by including acetonitrile in the solvent system without interfering with 
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the part played by the acetic acid. His system is ideal when petroleum is used for 
impregnation, but requires modification for the use of paraffin. The solvent system 
used by us contained 75°, acetic acid, 5°,, water and 20°, acetonitrile. whereby we 
increased the dissociative capacity of the acetic acid and decreased the polarity of the 
acetonitrile. With its use adequate separation was achieved in 24 hr. Chromatography 
was carried out by ascending flow at between 16 and 24 °C on Schleicher-—Schull no. 
2043/b paper of 30 mm width and 300 mm length. This permitted adequate separation 
of from 300 to 400 ug of substance. The finished chromatograms were dried and the 
spots developed in copper acetate and rubeanic acid. Model fatty acids were used to 
identify stearin, palmitin, oil and linol. The alkaline potassium permanganate solution 
of Kaufmann“ was employed in demonstrating the presence of unsaturated fatty 
acids, but in twice as high a dilution as he recommended. Lower concentrations 
sufficed to oxidize these acids, and the pale pink colour of the permanganate in no way 
hindered the clear distinction of spots. Qualitative determination of the chromato- 
graphically separated fatty acid spots was followed by quantitative estimation. 
A Juan-type photodensitometer was used, which in addition to the extinction curve 


draws its integral, and thus permits direct reading of the percentage of spots on the 
individual strips. A similar method of evaluation has been described by Seher.™ 


RESULTS 

The average water content of the tissues was 75° in the liver. and 85°, in the florid 
and necrotic tumour parts, respectively. Treatment with Degranol had no effect on it 
in the hepatic and the necrotic tumour tissues, but decreased it to 80 per cent in those 
of the florid tumour part at 96 hr after the drug. According to the data in the literature 
the water content is generally higher in tumours than in normal tissues." 

The total lipid content of the tumours of the untreated controls ranged between 8-1 
and 8-9 per cent and remained largely within these limits after treatment with Degranol. 
For hepatic tissues the figures varied from 11 to 15 per cent in the controls, but 
after Degranol decreased to from 8 to 9 per cent between 24 and 148 hr. to return to 
the 10 to 15 per cent level after 180 hr. Lustig’? found that the total lipid content of 
the normal human lung, referred to dry matter, was 8-7 per cent, and that of the 
tumour-bearing lung 11-26 per cent. According to Fujiwara et a/..!* the total lipid 
amounts to 9-1 per cent of the dry matter in the tissues of the normal rat liver and 
8-2 per cent of the hepatoma-bearing animal. 

In the controls, the acetone-soluble lipid fraction of the whole tumour. referred to 
dry weight, varied from 30 to 50 mg, and the insoluble fraction from 30 to 60 mg. 
Treatment with Degranol had no effect on either of these levels. The acetone-soluble 
lipid fraction of the hepatic tissues of the untreated animals ranged between 55 
and 80 mg, with a tendency to decline 24 hr after the drug. By 120 hr it sank to 
levels from 5 to 10 mg, thereafter to rise again but not above 80 mg. The acetone- 
insoluble lipid fraction of the control livers was between 30 and 60 mg, and remained 
unaffected by the treatment 

As regards the total lipid content of the florid and the necrotic tumour tissues. the 
data in the literature are at variance. Christol and Monier!® found the former was 
2-6 per cent and the latter only 1-7 per cent of the dry weight. Bullock and Cramer,?° on 
the other hand, showed that in Walker carcinoma the lipid content of the necrotic 
tumour tissues exceed that of the florid tissues. Boyd and McEwen,*' however. found 
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for the Walker carcinoma 256 no difference in the total lipid content of the florid and 
the necrotic tissues. 

The lipid content of the acetone-soluble fraction in the florid tumour parts varied 
from 35 to 85 mg in the untreated controls, but in the treated animals it gradually 
decreased to fall to between 10 and 25 mg by 220 hr. The acetone-soluble lipid content 
in the necrotic parts rose from 8-25 mg in the controls to 75-90 mg in the treated 


animals. 
The acetone-insoluble lipid fraction of the florid tumour tissues was 30—60 mg in 


the controls and attained between 68 and 80 mg in the treated animals. The same 
fraction of the necrotic tissue was 25—55 mg in the controls, and gradually decreased 
in the treated rats, sinking by 220 hr to levels of from 8 to 30 mg. 

Table 1 shows that, expressed in »g/mg, the fatty acid content of the florid tumour 
parts was 80 to 90 jg in the untreated animals, and that between 96 and 120 hr after 


TABLE 1. CHANGES IN FREE FATTY ACID CONTENT FOLLOWING TREATMENT WITH 
DEGRANOI 
(ug of free fatty acid per mg of acetone-soluble fat) 


Number of 
hours after Florid Necrotic Liver 


c Degranol tumour part tumour part 
1960 Untreated l 90 300 50 
controls 2 80 200 50 
3 sO 200 50 


Untreated l sO 100 SO 
controls 2 80 150 50 
3 80 150 50 


ntreated ] sO 100 
controls 2 80 100 sO 


l 50 300 80 
24 2 50 300 80 
3 300 


90 
48 2 50 90 80 
3 90 


“ad: 
es 
a 7 ? 100 120 100 
% 2 250 250 200 
3 250 250 200 
200 280 
120 2 250 280 50 
3 250 280 200 
' 200 250 200 
148 2 250 200 
? 
3 200 250 200 
90 90 50 
220 2 50 90 50 
90 x 
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treatment it was 250 ug, but fell to 50 ug by 220 hr. That of the necrotic tumour parts 
varied between 100 and 300 wg in the controls: in the treated rats it consistently 
reached a peak at 24 hr, fell to from 90 to 120ug between 48 and 72 hr. and climbed to a 
second peak of from 250 to 280 ug between 96 and 120 hr with a terminal drop to 90 ng 
Che free fatty acid content of the hepatic tissues was 80 yg in the untreated rats: in the 
treated ones a peak of 200 ug at 96 hr was followed by a rather rapid decline to 50 ug 
by 220 hi 
As regards cholesterol, the abundant data in the literature agree in that the total 
amount of this constituent is significantly greater in tumours than in normal tissues.” 
and in necrotic than in florid tumour parts. Lang (cited by Haven and Bloor) found 
that a decrease in tumour-cell activity meant an increase in cholesterol content 
The values for total cholesterol were found to vary very widely. Referred to 
grammes Of dry tissue, they ranged between 15,000 and 20.000 ug for the florid. 
between 30,000 and 40,000 ug for the necrotic tumour parts, and between 5000 and 
ssues of the liver. Degranol had no effect on either of them 
pids, mainly the phospholipids have been subjected to more minute 
nvestigators, and genera for changes in amount and the degree 
of unsaturation only; these changes were established by determinations of iodine 
numbers. Haven and associates" found that the ratio of the saturated to the unsaturat- 
ed fatty acids of the tumour phospholipids was 30 : 70. On evidence furnished by the 
same authors, im animals fed the same diet the degree of unsaturation of the phospho- 
lipids in the tumours remains unchanged indpendently of the location of the tumour.” 
Kellner and Lustig* showed that by feeding diets rich in oil it was possible to increase 
the 1odine number of the total fatty acids of transplanted mouse tumour. Haven 
found no essential difference in iodine numbers between tumour and muscle tissues 
with Walker carcinoma the iodine numbers rose from 85 on a fat-poor diet, to 95 on 
coco-nut oil, and to 106 on cod liver oil diet, in tumour and muscle alike. This author 
also showed that by force-feeding of a diet high in fat it was possible to increase the 
amount of the total lipids of the tumour, without, however, obtaining a corresponding 
increase in tumour size 
Fig. | illustrates the fatty acid composition of the phospholipids in the florid and 
necrotic tumour parts and the hepatic tissues of rats bearing Guérin carcinoma. Fig. 2 
shows the changes in the composition observed at 24 and 48 hr following treatment 
with Degranol. The components are stearin, palmitin and oil, linol, and polyunsaturat- 
ed fatty acid. The hepatic tissues of the untreated animals show an additional spot of 
the last-mentioned constituent. At 24 and 48 hr after Degranol a marked decrease in 


the amount of the polyunsaturated fatty acids was observed in the florid and the 


necrotic tumour tissues, but at 72 hr they were present in these tissues in higher con- 
centrations than in those of the untreated controls. From the hepatic tissues the spot 
due to the least saturated fatty acid disappeared at 24 hr, but reappeared at 72 hr after 
treatment 

Figs. 3 and 4 show the fatty acid composition of the glycerides in the florid and 
necrotic tumour parts and in the hepatic tissues in untreated animals, respectively, in 
animals at 72 hr after Degranol treatment. The components are stearin, palmitin and 
oil, linol, and polyunsaturated fatty acid. The necrotic tumour tissues reveal one 
additional spot of polyunsaturated fatty acid. At 24 and 48 hr following treatment a 
marked decrease in the amount of the polyunsaturated fatty acids was noted in the 
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Fic. |. Fatty acid composition of the phospholipids in tumour and liver in tumour-bearing rats. 


Fic. 2. Changes in the fatty acid composition of tumour and liver phospholipids 24 hr after Degranol 
treatment 
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Fic. 3. Fatty acid composition of tumour and liver glycerides in tumour-bearing rats 
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Fic. 4. Changes in the fatty acid composition of tumour and liver glycerides 72 hr after Degranol 
treatment 
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necrotic tumour tissues, but at 72 hr the polyunsaturated fatty acid Spot was again 
present in the florid and necrotic tissues alike. 


DISCUSSION 


Degranol has been found to have no effect on the lipid content of the whole tumour. 


but to give rise to characteristic changes in that of each the florid and necrotic parts 


separated on gross inspection. Of course, in Guérin tumours, where necrotic parts 
sporadically infiltrate florid parts, complete separation is extremely difficult, if at 
all possible; this means, the values for controls and treated animals alike will be widely 
scattered and will render the results problematical 

The presence of fatty acid in necrotic tumour tissues was also observed by Kellner 
and Lustig.* The increase in its amount following treatment with Degranol is presum- 
ably due to a change in the activity of some kind of lipase 

The changes in the fatty acid composition of the phospholipids, which we observed 
to follow treatment with Degranol, undoubtedly appear to be the results of the 
drug’s action. Support is afforded for this view by the finding that unsaturated fatty 
acid components decrease in amount as the morphological changes increase in sev erity 
One of the polyunsaturated spots proved to be lineolic acid. This is an essential fatty 
acid, which has been shown by Deuel er a/.*° to be an indispensable requisite for the 
action of the growth hormone. The presence of polyunsaturated fatty acids in 
tumours, particularly in the phospholipid fraction, has been established unequivo- 
cally. The fact that a toxic dose of Degranol reduces the amount of these particular 
fatty acids, permits the conclusion that the drug is not without effect on tumour 
metabolism. 
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Medical Research Council Radiobiological Unit, 
Harwell, Berkshire, U.K 


(Received 10 May 1960) 


Abstract—Rat lymph nodes were maintained in vitro by an organ culture technique. The 


lymphocytocidal effects of the following substances were investigated: nitrogen mus- 


tard, acriflavine, quinone, hydroquinone, rotenone, cortisone, colchicine, podophyllo- 


toxin, chelidonine, arsenite, stilboestrol, selenite, diphenylhydantoin, cyanide. This list 


includes all the substances known to kill lymphocytes in vitro at 10-*M and most of the 


mitotic poisons shown (by others) to act on fibroblasts in vitro at 10-°M. For each sub- 


stance the LC at 50-48 hr (concentration which kills 50 per cent of the lymphocytes in 48 


hr) was determined from the dose-effect curve 


In the cases of nitrogen mustard, acriflavine, rotenone, colchicine, arsenite and 


stilboestrol, the LC, for lymphocytes was found to be about the same as the concen- 


tration required for mitotic poisoning of fibroblasts. But the mitotic poisons quinone 


hydroquinone and chelidonine were not particularly poisonous to lymphocytes, and the 


specific lymphocyte poisons diphenylhydantoin and selenite are not mitotic poisons. The 


results do not encourage any simple idea of a single biochemical lesion common to 


lymphocyte and mitotic poisoning. Such correlation as exists may simply reflect the fact 


that mitosis is the cell process and the lymphocyte the cell type most vulnerable to 


adverse influences 
Rotenone is by far the most potent lymphocyte poison so far discovered; in 10-°M 


concentration it kills at least one in every five cells. 


INTRODUCTION 
A verY wide variety of chemical substances, including distilled water,? have now been 


shown to inhibit or derange the process of cell division. Moreover, mitosis can be 
affected in several different ways. The term “mitotic poison” has thus come to be 
so broadly and variously used as to lose much of its former significance. Recent 
attempts to redefine the term in a more meaningful way have only revealed consider- 
able differences of opinion.' So it remains the first duty of an author to explain what 


he means by “mitotic poisoning”. 

The mitotic poisons considered in this paper are those powerful poisons which 
specifically either prevent or arrest mitosis in a wide variety of animal cells. More 
precisely, they all inhibit mitosis in fibroblast cultures in vitro at concentrations of 
10-5 M or less (Table 1, column E), with no other observable effect on the cells (except 
that a few cause chromosome breakage). Most of them have been shown to inhibit the 
mitosis of sea urchin eggs at similarly low concentrations (Table 1, column D). The 
various metabolic inhibitors of respiration, glycolysis, phosphorylation, etc., are 
excluded from consideration for they only act at concentrations of about 10-* M or 
more and they affect other cell processes as well. The actions of the powerful specific 
mitotic poisons cannot yet be explained in chemical terms. 
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Following Dustin*, these nitotic poisons can be divided into two groups, “chromo- 
some poisons” and “spindle poisons”. The chromosome poisons, such as acriflavine 
and nitrogen mustard, affect the cells before division, preventing the onset of mitosis, 
and in many cases breaking the chromosomes as well. It seems unlikely, however, that 
chromosome breakage is the cause of the mitotic inhibition; recent work suggests that 
these are separate and unrelated effects. The spindle poisons, such as colchicine and 
arsenic, affect cells during division, destroying the spindle and arresting the cells in 
metaphase. The chromosome damage in the one case or the spindle damage in the 
other may be so great that the cells ultimately die. 

The division of mitotic poisons into these two groups has often been criticized 
because some poisons can exhibit both actions, depending on the concentration. But 
even so it seems legitimate to maintain a distinction between the two types of mitotic 
poisoning and the belief that this reflects two different points of chemical attack on the 
mitotic process. In Table 1 (column A) the mitotic poisons have been allocated to one 
or other of these two groups (Al, A2) on the basis of the action which they exhibit at 
lowest concentration. 

So far, it has been implied that these poisons affect only cells in division or about to 
divide, but this is not the whole truth. Many of them have an additional and totally 
different action. Injected into animals in antimitotic doses they selectively kill the 
lymphocytes in all the lymphoid tissues. The cells in question are nearly all small 
lymphocytes which never divide (except in the thymus cortex in some species), so 
the question of mitotic poisoning does not arise. Small doses of ionizing radiation 
also inhibit mitosis in general and kill small lymphocytes in particular. 

The purpose of the present work was to explore more fully this apparent parallelism 
between mitotic inhibition and lymphocyte killing. Using rat lymph nodes maintained 
in vitro, the various mitotic poisons were added to the culture medium and in each case 
the concentration range required to kill the lymphocytes was accurately determined. 
The concentrations needed to kill lymphocytes in vitro were then compared with the 
concentrations which have been shown to inhibit mitosis in fibroblast cultures in vitro. 
Results obtained with sodium selenite and diphenylhydantoin are also included, for 
comparative purposes. These two substances are specifically toxic to lymphocytes but 
they are not mitotic poisons, (as here defined) and they are put in column A3 in Table 1. 
Also included in A3 is cyanide as an example of a non-specific poison. 

Investigations of this sort can be carried out only in vitro, for only so can a direct 
effect of the poison be demonstrated and the concentration applied be exactly known. 
in the whole animal the concentration of poison reaching the cells and its length of 
stay are unknown and in the particular case of lymphocytes these cells may also be 
killed indirectly by the pituitary-adrenal stress reaction. For these reasons, results 
obtained by injecting mitotic poisons into animals (Table 1, column C), though 
suggestive, are unacceptable for quantitative consideration. 


METHODS 

Suspensions of lymphocytes do not survive satisfactorily in vitro and it has been 
found better to use lymph nodes from small animals (rats) maintained in vitro by an 
organ culture technique.® In these lymph-node cultures the lymphocytes remain alive 
and healthy for about a week,° though there is no production of new cells by mitosis of 
precursors. More than 99 per cent of the lymphocytes are mature small lymphocytes.® 
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[his survival time is ample for the study of chemical toxicity which was done by count- 
ing the percentage of dead (pyknotic) lymphocytes at time intervals (5-48 hr) after 
addition of the poison. 

This method has already been used to study the cytocidal action of X-rays,’ corti- 
sone® and barbiturates* on lymphocytes in vitro. In the present work the method 
previously described in this Journal® was followed exactly, using the lumbar and sacral 
lymph nodes of 4-week-old rats. It only remains to describe how the poisons were made 
up and added 

[he nitrogen mustard used was Mustine Hydrochloride BPC (Boots Pure Drug Co.). 
Podophyllotoxin and Chelidonine were obtained from L. Light and Co. Sodium- 
5 : 5-diphenylhydantoinate (“epanutin”) was obtained from Parke. Davis and Co 


Cortisone (iree alcohol) and rotenone (material 51R 3753) were obtained from Merck 
and Co. The rotenone was about 99 per cent pure; most commercial samples are very 
mpure. All the other substances were obtained from British Drug Houses. 

Initial” solutions were made up not more than an hour before addition to the 
cultures, at a concentration of 10~' M for the weak poisons and 10~? or 10-* M for the 
stronger ones. Coichicine, acriflavine, sodium arsenite, sodium selenite and KCN 
were made up in 10 ml volumes of distilled water and the solutions sterilized by suction 

rough a No. 5 porosity sintered glass filter. Nitrogen mustard was dissolved from a 
sterile ampoule in sterile distilled water and added to the cultures within 5 min. In the 
case of all the other substances, the required weight for 10 ml of solution was placed 
n a sterile graduated test tube and dissolved in 4 ml of ethanol, after which the volume 
was made up to It with sterile distilled water. The alcohol sterilized the solution 
and no filtration was necessary 

For the highest concentrations required in the culture medium the initial solution 
was added directly in the amount of 0-05 ml or 0-015 ml per 5 ml of medium. For 
lower concentrations the initial solution was first diluted | in 10, 1 in 100 or 1 in 1000 
with sterile distilled water and then added in the amount of 0-05 or 0-015 ml per 5 ml 
of medium. The final concentration of ethanol in the medium never exceeded 0-4 per 
cent and control experiments*® had shown that 10-! M ethanol (0-46 per cent) was 
quite harmless 

In some cases the upper part of the effective concentration range could not be cov- 


ered completely because of difficulty in solubility (cortisone, chelidonine) or cytological 


hxation effects (quinone, hydroquinone) 


Some of the figures for cortisone,* colchicine* and cyanide® have been published 


previously in other contexts 


RESULTS 


Fig. 1 shows that after addition of colchicine or rotenone. the percentage of dead 
lymphocytes in the culture (the “pyknotic count”) increases more or less linearly with 
time for the first 48 hr. It has been assumed that this linear relationship also holds good 
lor the other poisons, and 48 hr was chosen as a convenient (but arbitrary) end-point 
at which to measure the effect. The effects of different concentrations and different 
poisons were thereby compared. The results are given in Table 2, where the poisons 
are listed in descending order of lymphocyte toxicity, and the dose-effect curves are 


plotted in Fig. 2 
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From these curves can be read off the LC at 50-48 hr for each poison (the concen- 
tration which kills 50 per cent of the lymphocytes in 48 hr). This. however. is not the 
exact lymphocyte LC,,, for by the time the cells were fixed and counted (48 hr) 


some of the dead lymphocytes had doubtless been removed by phagocytosis or autoly- 


sis, so the true LC,, must be somewhat higher than that read 
Nevertheless this qualified LC;, is a convenient yard stick with which to compare 
one poison with another. The LC,, figures are listed in column F of Table | 


Fic. 1. Percentage of dead lymphocytes (pyknotic count) in 


intervais after addition of colchicine « 


FiG. 2. Percentage of dead lymphocytes (pyknotic count) in lymph-node cultures 48 hr after addition 

of various concentrations of cell poisons: AC acriflavine, AR arsenite, CH chelidonine, 

Cl colchicine, CR cortisone, CY cyanide, D diphenylhydantoin, H hydroquinone, 

NM nitrogen mustard, P podophyllotoxin, Q quinone, R rotenone, SI selenite, 
ST stilboestrol. 
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Table 2 shows also, by a system of *, +, t scoring, the concentrations at which these 
various poisons killed the reticulum cells of the lymph node. Dead cells were recog- 
nized by nuclear pyknosis or karyolysis. There are always a few reticulum cells in the 


film preparations made from these cultures, enough to make this rough assessment 


but not enough for accurate counting. The results show that, except for cyanide which 
kills lymphocytes and reticulum cells about equally, all these poisons are selectively 
toxic to lymphocytes. In general, the concentration required to kill 50 per cent of the 
reticulum cells was at least ten times that needed to kill 50 per cent of the lymphocytes, 
and there was never any reticulum cell damage at the lymphocyte LC,, concentration. 

Some of these poisons, in concentrations somewhat higher than those needed to kill 
lymphocytes, were found to act as histological fixatives. Acriflavine 10-* M, hydro- 
quinone 10-* M and sodium selenite 10-* M behaved in this way. In cultures exposed 
to these concentrations the lymphocytes and reticulum cells were all fixed, albeit 
rather poorly from a technical point of view, and there was of course no pyknosis. 
This fixative action was confirmed by fixing whole lymph nodes and thymus glands for 
24 hr in corresponding solutions made up in isotonic saline, then embedding and 
cutting histological sections in the ordinary way. The histological structure was 
reasonably well preserved. Acriflavine is known to combine with and precipitate 
nucleic acids,*” so its action is easily understood. Hydroquinone and selenite do not 
precipitate proteins or nucleic acids and their fixing action is difficult to explain. It 
may be recalled, however, that the fixing action of formaldehyde is similarly not 
understood. 


DISCUSSION 


The main object of this work was to find out if there is a universal parallelism 
between the antimitotic and the lymphotoxic effects of poisons acting in concentration 
of 10-° M or less. In particular, is the relation sufficiently close to suggest a common 
underlying mode of action? The answer can be clearly seen in Fig. 3, and the two most 
important points emerging from the results are as follows. 

(1) Virtually all the mitotic poisons known to be effective (on fibroblasts) at 10-° M 
or less have been tested and all were found to be specifically toxic to lymphocytes at 
10-* M or less, except quinone-hydroquinone and chelidonine. 

(2) In the course of other work (unpublished) we have investigated the toxicity of a 
very wide variety of chemicals to lymphocytes in vitro and all those exhibiting marked 
toxicity at 10-4 M or less are reported here in Table 2. Of these, all are mitotic poisons 
(on fibroblasts) at 10-° M or less, except selenite and diphenyhydantoin. 

So although there seems to be some sort of association between mitotic inhibition 
and lymphocyte poisoning, eight out of the twelve poisons tested having both actions, 
the association is not universal for there are two clear-cut exceptions either way. 
Quinone-hydroquinone, the most powerful mitotic poison known (for fibroblasts) is 
not toxic to lymphocytes at 10-4 M. Likewise chelidonine, a more powerful anti- 
mitotic than nitrogen mustard, is scarcely toxic to lymphocytes at 10-* M. Contrari- 
wise, selenite which is about as toxic to lymphocytes as nitrogen mustard and diphenyl- 
hydantoin which is almost as toxic as cortisone are not mitotic poisons. 

On the other hand it must be pointed out that rotenone is both the most powerful 
lymphocyte poison yet recorded and also the most potent mitotic inhibitor of sea 
urchin eggs. And further, in the case of six poisons (rotenone, colchicine, arsenite, 
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nitrogen mustard, acriflavine, stilboestrol) the concentrations required for 50 per cent 
lymphocyte killing on the one hand and mitotic poisoning of fibroblasts on the other 
are practically the same 

It is remarkable that the chromosome poisons and the spindle poisons seem to be 
about equally good at killing lymphocytes. Now preventing the onset of mitosis would 


seem to be a very different proposition from destroying the spindle of a cell which has 


INCENTRATION FOR MITOTIC POISONING OF FIBROBLAST S(MOLAR) 


Fic. 3. Concentratior ch kills lymphocytes plotted against concentration which PoOrIsons mitosis 


th in vitro) tor the various poisons. Lettering as for Fig. 2 


already passed through prophase, so much so that it is difficult to visualize any com- 
mon biochemical lesion underlying such diverse phenomena as chromosome poison- 
ing, spindle poisoning and lymphocyte killing. Taken as a whole, the results reported 
here would not support such a hypothesis. The wide chemical div ersity of the effective 
poisons also speaks against it. If at this point we recall that ionizing radiation is also 
a mitotic inhibitor (acting like a chromosome poison) and a selective killer of lympho- 
cytes, It is to point out that the task of extending the common biochemical lesion to 
include radiation as well is even more forbidding. 

Such rough correlation as exists between mitotic poisoning and lymphocyte poison- 
ing may be no more than a simple consequence of the fact that mitosis is the cell 
process and the lymphocyte the cell type most susceptible to adverse conditions. 

On the general problem of the peculiar sensitivity of the lymphocyte to ionizing 
radiation and chemical poisons, the search for common chemical denominators seem- 


ing unfruitful, attention must be directed more to intrinsic features of the lymphocyte 
itself, particularly its metabolism. In this connexion in 1955 the writer®® suggested that 
the relative paucity of mitochondria might be a significant point and subsequent 


measurements” showed the total mitochondrial volume of a lymphocyte to be 0-5-1-3 
pe", compared with 800 »* for a liver cell. Following this Creasey and Stocken®™ 
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showed that the nuclei of lymphocytes (and possibly some other radiosensitive cells) 
differed from those of other cells in that they had a phosphorylating system and could 
synthesize ATP, so they were normally not dependent on mitochondrial ATP. They 
also showed that this nuclear phosphorylating system was extremely sensitive to 
X-radiation. It is to specific differences in the intracellular localization of enzyme sys- 
tems such as these that the sensitivity of the lymphocyte to radiation and mitotic 
poisons must ultimately be related. 

It now remains to comment on some of the individual lymphocyte poisons. The three 
most powerful, rotenone, podophyllctoxin and colchicine are complex aromatic 
substances derived from plants. Rotenone is the active principle of the root of Derris sp. 
Originally used as a fish poison it is now widely used as an insecticide (derris dust). It 
is virtually harmless by mouth to warm-blooded animals,’ probably because it is 
destroyed during digestion, but it can produce unpleasant symptoms when inhaled as a 
dust. Injected, it has about the same toxicity as cortisone (Table 1). Rotenone is the 
most powerful mitotic inhibitor known for sea urchin eggs (5 10-* M) and it is 
here shown to be easily the most potent lymphocyte poison so far described. The 
toxicity of rotenone for lymphocytes is truly remarkable, it kills 20 per cent of cells at a 
concentration of 10-* M, which, assuming a uniform distribution throughout cells 
and medium, amounts to only 100 molecules per cell. Prior to this discovery the 
lowest cytocidal concentration recorded for any chemical on any mammalian cell was 
10-° M for cortisone on lymphocytes.* Podophyllotoxin and colchicine are thirty 
times more active than this, while rotenone is a thousand times more active. 

Leblond and Segal™ reported that injection of colchicine produced great lymphoid 
atrophy in normal rats, but no effect in adrenalectomized ones. They therefore con- 
cluded that the lympholytic action of colchicine was entirely mediated by the adrenal 
cortex and that injection of colchicine was one of the most “alarming” stimuli known. 
The results obtained here show a direct effect of colchicine on lymphoid tissue at very 
low concentrations (10-7 M) and are difficult to reconcile with the findings of Lebond 
and Segal. The dose-effect curve for colchicine has a rather peculiar shape (Fig. 2) 
which seems to imply a hard core of lymphocytes which are relatively resistant to the 
drug. Murray er a/.® showed that the metaphase arrest produced by colchicine in 
fibroblast cultures could be prevented or reversed by m-inositol. In our experiments, 
however, we found that the lymphocytocidal effect of 10-*M colchicine was not 
prevented at all by 10-*M m-inositol. It should perhaps be mentioned that the 
lymphocyte pyknosis produced in these experiments by colchicine and other spindle 
poisons was ordinary pyknosis and did not resemble the “clumped metaphases” 
produced in dividing tissues. 

The figures for nitrogen mustard are in good agreement with those of Schrek who, 
working with lymphocyte suspensions in vitro, found the minimum concentration 
required to kill some cells to be 3 « 10-* M for rabbit lymphocytes® and 6 « 10-*M 
for human lymphocytes.*” 

The results obtained with quinone and hydroquinone were essentially identical, as 
has also been reported for the antimitotic action on fibroblasts®* and sea urchin eggs*. 
This indicates that the effect on the cells is not produced by oxidation in the one case 
or reduction in the other. It also shows that the low toxicity found in these experiments 
cannot be accounted for by oxidation or reduction of the compound before it reached 
the cells. 
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The biochemical basis of selenite poisoning is still unknown. Although it has been 
shown to inhibit some SH enzymes in vitro®** this cannot account for all its properties. 
SH reactants in general inhibit mitosis, but selenite does not. Selenite, arsenite and 
nitrogen mustard were about equally toxic to lymphocytes. Acriflavine and stilboestrol 
were almost identical and had about one third the toxicity of nitrogen mustard. 

Diphenylhydantoin is a central nervous depressant used in the treatment of epilepsy. 
Clinical reports suggested that this drug may cause lymphopenia®® and that is why it 
was investigated here. It was of further interest because we had previously shown’ that 
barbiturates are selectively toxic to lymphocytes—but only in the range 10-*-10-* M 
which ts rather higher than the concentration range considered here. 
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The culture work Ss carried out by Mr. W. R. Lush and Miss E. Peakman, and the cell counting 
by Mr. W.R Miss M. Tebbutt made the film preparations and gave general assistance. It is i 


t} 


echnicians for thew very careful and painstaking work. | have to thank 


toin 


pieasure to U 


Messrs. Parke ivis & Co. for a gift of pure sodium-5 : 5-diphenylhydantoin (“epanutin”) 


REFERENCES 
J. Bresece. VW Poisons and the Cancer Problem. Elsevier. Amsterdam ( 1958) 

A. F.W. Hi 8, Quart. J. Micr. Sci. 93, 207 (1952) 

P. Dustin, Na Lond. 159, 794 (1947) 

G. J. Neary, H ANS, S. M. TONKINSON and F. S. Wittiamson, Int. J. Rad. Biol. 1, 230 (1959) 
O. A. Trowe! Exp. Cell Res. 16, 118 (1959) 

O. A. Trower! Exp. Cell Res. 3. 79 (1952) 

QO. A. Trowe t. J. Path. Bact. 64, 687 (1952) 

O. A. Trower, J. Physiol. 119, 274 (1953) 

O. A. Trowel! Biochem. Pharmacol. 1, 288 (1958) 

W. P. Anstow, Jr., D. A. KARNovsky, B. V. JaGer and H. W SmitH, J. Pharmacol. 91, 224 (1947) 
F. FLrury and F. Zernix, Hand. biol. ArbMeth. 4, 7.2. 1292 (1935) 

G. Wooparp, E. C. HaGan and J. L. Rapomski, Fed. Proc. 8. 348 (1949) 

M. B. Simkin and H. H. ANpeRson, Proc. Soc. Exp. Biol., N.Y. 34, 135 (1936) 

R. L. Metcacr, Organic Insecticides. Interscience, New York (1955) 

F. C. FerGuson, Jr., J. Pharmacol. 106. 261 (1952) 

F. Santovy, B. LANG and J. MALINSKy, Arch. Int. Pharmacodyn. 84. 257 (1950) 

M. SULLIVAN, R. H. Fous, Jr. and M. HILGARTNER. Proc. Sox Exp. Biol., N.Y. 77, 269 (1951) 
P. J. HANZLIK, J. Amer. Med. Ass. 75, 1324 (1920) 

K. W. FRANKE and A. L. Moxon, J. Pharmacol. 58, 454 (1936) 

H. KrRerrmair and W. SiecKMANN, Klin. Wschr. 18. 156 (1939) 

M. I. E. F. SrouuMAN and R. D. J. Pharmacol. 60. 449 (1937) 

C. M. Gruser, V. G. Haury and M. E. Drake, J. Pharmacol. 68. 433 (1940) 

H. FOHNER, Arch. exp. Path. Parmak. 166, 437 (1932) 

J. E. Kinprep, Arch. Path. (Lab. Med.) 43. 253 (1947). 

A. P. Dustin, C.R. Soc. Biol., Paris 93, 1535 (1925) 

M. J. Smrru and O. A. Trower. Unpublished experiments (1960). 

T. F. DouGuerty and A. Wurre, J. Lab. Clin. Med. 32. 584 ( 1947) 
. J. M. Yorrey and J. S. Baxter, J. Anat. 80, 132 (1946) 

F. J. Lrrs, Arch. Int. Med. Exp. 11, 811 (1936). 
. R. Prton, Arch. Int. Med. Exp. §, 355 (1929) 

I. CORNMAN and M. E. Cornman, Biol. Bull. Wood's Hole 103, 44 (1952). 

H. Druckrey, P. DANNeBeRG and D. SCHMAHL, Arzneimittel-Forsch. 3, 151 (1953). 
E. F. RoGers and I. Cornman, Biol. Bull. Wood's Hole 101, 227 (1951). 
. 1. Cornman, Biol. Bull. Wood’s Hole 99, 357 (1950). 
. I. Connman, J. Cell. Comp. Physiol. 35, 301 (1950). 


a Ai 
- 
i 
: 
196! 
1s 
35 


The cytocidal action of mitotic poisons on lymphocytes in vitro 


. 1. CORNMAN and M. E. CornMAN, Ann. N.Y. Acad. Sci. 51, 1443 (1951). 
. R. Merer and B. ScHAR, Experientia 3, 358 (1947). 
. O. Bucnuer, Z, Zellforsch. 29, 283 (1939). 
. H. Letrre, Cancer Res. 12, 847 (1952). 
. J. S. Mrrcuecr and I. Simon-Reuss, Brit. J. Cancer 6, 317 (1952) 
. M. Kein, The Effects of Rotenone on Mammalian Cells in Tissue Culture. Thesis, George Washing- 
ton University, Washington D.C. (1956). 
1. Simon-Reuss. Personal communication (1951). 
R. A. Ornmssee, 1. CORNMAN and R. E. BerGer, Proc. Soc. Exp. Biol., N.Y. 66, 586 (1947) 
H. Letrrt, Ergebn. Physiol. 46, 379 (1950) 
QO. Bucuer, Z. Zellforsch. 30, 438 (1940) 
QO. THOMANN, Z. Zellforsch. 32, 152 (1942) 
A. F. W. HuGues, Quart. J. Micr. Sci. 91, 251 (1950) 
O. A. Trowe it. Unpublished experiments (1960) 
P. P. H. De Bruyn, R. L. Ropertson and R. S. Farr, Anat. Rec. 108, 279 (1950) 
O. A. TROWELL, Ann. N.Y. Acad. Sci. 59, 1066 (1955) 
QO. A. TROWELL, Jnt. Rev. Cytol. 7, 235 (1958) 
W. A. Creasey and L. A. Stockxen, Biochem. J. 69, 17 P (1958) 
R. J. GARNER, Veterinary Toxicology. Balliére, Tindall and Cox, London (1957) 
C. P. Lestonp and G. Seca, C.R. Soc. Biol., Paris 128, 995 (1938) 
M. Murray, H. pe Lam and E. CuarGarr, Exp. Cell Res. 2, 165 (1951) 
R. Scurek, Acta Unio Intern. Contra Cancrum 6, 848 (1948) 
. R. Scurek, J. Lab. Clin. Med. 51, 904 (1958) 
F. E. LEHMANN, Verh. Ver. schweiz. Physiol. June (1942) 
. F. Bernuem and J. R. Kiem, 139, 827 (1941) 
QO. G. Backer, Acta. Med. Scand. 159, 195 (1957) 


63 
36 
37 
4 
4 
44 
4 
4 
4 | 
A . 
i 
5 
. 
960 
6 60 
a 
a 
wt | 
| 
Ny 
| 
| 
| 


Biochemical Pharmacology, 1960, Vol. 5, pp. 64-78. Pergamon Press Ltd., Printed in Great Britain 


THE METABOLISM OF 6-MERCAPTOPURINE 
BY BACILLUS CEREUS* 


N. H. Carey and H. G. MANDEI 


Department of Pharmacology, The George Washington University, School of Medicine, 
Washington, D.¢ 


( Received 4 January 1960) 


Abstract—The growth-inhibitory purine analog, 6-mercaptopurine, was oxidized by 


resting cc Be us ¢ to the non-inhibitory catabolites, 6-thioxanthine and 
6-thiouric acid. In growing cell cultures other pathways of drug metabolism appeared 
to be mor portan 1] was rapidly cleaved from the drug, could be recovered as 
norgal e, and ay ire y in the proteins. The resulting purine skeleton was 
iIncorpor idenine and guanine into both ribo- and deoxyribo-nucleic acids. No 
direct j could | ind that 6-mercaptopurine was incorporated as such into 
lated for such incorporation suggests that this pathway 

insufficient to produce growth inhibition. A com- 
mercaptopurine ribonucleotide was present in the 
m to non-inhibitory compounds, principally the 


i? h 


re } 
ppeared © resm nsible for t 


he cessation of 
mercaptopurine. When the rate of 

1ad been removed from the 

ms of 6-mercaptopurine to increase 

LOT n contrast to the observed increase in the duration 


been discussed 


INTRODUCTION 


THE purine analog 6-mercaptopurine has been of considerable interest since its intro- 
duction in the treatment of leukemias.' It has also been demonstrated to inhibit the 
growth of bacte and of mammalian cells in culture.*-* The precise mechanism of 
action has not yet been elucidated, but the drug is known to interfere with the inter- 
conversion of purines in nucleic acid synthesis.*:° The possibility still exists that other 
biochemical pathways are affected also which may be even more closely related to the 
growth-inhibitory effect 

Studies on the metabolism of the drug in the mouse* and in Streptococcus faecalis’ ** 
have revealed that some of the drug was converted to normal purines. Elion et a/.* 
have suggested that the purine is incorporated into nucleic acids in mouse tissues, as is 
the case with certain other purine analogs.* In bacteria, however, such incorporation 
seemed to be slight.'° The presence of 6-mercaptopurine ribonucleotide in micro- 
organisms susceptible to the drug, in contrast to the absence of this ribonucleotide in 
resistant systems, has led Brockman et a/."' to hypothesize that this anabolite is crucial 
in the drug’s action. In the present study some of the routes by which the drug is 
metabolized have been investigated prior to studies on the mechanism of action of the 
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drug. The micro-organism Bacillus cereus was selected because its growth is partially 
inhibited by the drug and because this micro-organism has been the object of quanti- 
tative studies in this laboratory." Some of the present work has been reported pre- 


MATERIALS AND METHODS 

Compounds 

6-Mercaptopurine was obtained from Burroughs Wellcome and Co., Tuckahoe, 
N.Y. 6-Mercaptopurine-8-"C (0-55 mc/m-mole) and hypoxanthine-8-"C (0-81 
mc/m-mole) were purchased from Isotopes Specialties, Inc., Burbank, Cal. 6-Mer- 
captopurine-*S (7-1 mc/m-mole) and 6-mercaptopurine ribonucleoside were gifts of 
Dr. R. Wallace Brockman, Southern Research Institute, Birmingham, Ala. Both 
radioactive samples of 6-mercaptopurine were found to be pure by chromatography. 
2-Hydroxy-6-mercaptopurine (thioxanthine) was purchased from Mann Research 
Laboratories. New York 6, N.Y. 2:8-Dihydroxy-6-mercaptopurine (thiouric acid), 
synthesized by Dr. Ti Li Loo, National Institutes of Health, Bethesda, Md.,’° was 
kindly furnished to us. Purified milk xanthine oxidase and catalase were obtained from 
the Worthington Biochemical Co., Freehold, N.J. Trypsin came from the Difco 
Laboratories. Detroit, Mich. Crotalus adamanteus venom was obtained from the Ross 
Allen Reptile Institute, Silver Springs, Fla. 


Enzyme methods 
To study the effect of xanthine oxidase on 6-mercaptopurine, 10 mg of the analog, 
100 units of xanthine oxidase and about 0-2 mg of catalase were incubated in | ml of 


0-025 M phosphate buffer of pH 7-5 at 37 °C for from 6 to 8 hr with occasional shaking. 


To separate DNA from contaminating protein, 1—5 mg of the mixture was dis- 
solved in 1-0 ml water, brought to pH 8-5, and 3 yg of trypsin was added; the mixture 
was incubated overnight at 37 °C, and the DNA reprecipitated as described below. 
Hydrolysis of nucleotides with Crotalus venom phosphatase was carried out by incu- 
bation at pH 9-0 for 6 hr, as described by Dunn and Smith."* 


Micro-organism 

Bacillus cereus. strain 569H, was grown in polyethylene bottles at 37 “C and was 
shaken to produce optimal aeration. The growth medium consisted of salts and a 
casein hydrolyzate (vitamin-free casamino acids, Difco Laboratories, Detroit, Mich.) 
adjusted to pH 7-0 with potassium hydroxide.'’ Growth was measured as change in 
turbidity, determined as optical density at 540 my in the Beckman spectrophotometer 
model DU. Usually, 6-mercaptopurine was added to exponentially growing cultures 
at an optical density reading between 0-05 and 0-06 (i.c. about 40 wg dry weight of 
cells per ml) 

For the resting cell incubations, cells which had been grown in the salts-amino 
acids medium were centrifuged, washed in the medium from which the amino acids 
had been omitted, and suspended in this deficient medium in Roux bottles at 37 °C. 


Isolation of nucleic acid components 

The cells were fractionated by the alkali digestion procedure of Studel and Paiser,’* 
as described by Schmidt and Thannhauser,'* and extracted with hot saline solutions 
as described by Jorpes.*° 
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After washing, the cells were treated with 5°, trichloroacetic acid (TCA). and the 

precipitate was extracted with 70°, ethanol at 70 °C, 95°, ethanol at 70 °C. and ethanol 
ether 3:1 (v/v) at room temperature. The RNA was then hydrolyzed with | N KOH 
for 18 hr. Alternatively, the cells were treated with TCA, the precipitate was sus- 
pended in ethanol, disintegrated with glass beads, and the nucleic acids were extracted 
by treatment of the residue three times with 10°;, NaCl at 100 °C for | hr.?" The sodium 
nucleates were treated with TCA and 2 vols. of ethanol in the cold. and then hydro- 
lyzed with potassium hydroxide as above. The DNA, protein and potassium ions were 
removed from the ribonucleotides by precipitation with perchloric acid at 0 “C, and 
the ribonucleotides were separated by paper electrophoresis. The DNA was isolated 
from the alkali digest by precipitation with 0-06 ml of 6 N HCl to | ml of digest and 
sufficient TCA to give a final concentration of 5 per cent. Two volumes of ethanol 
were then added and the mixture was stored overnight at — 10 °C to ensure complete 
precipitation. The precipitate was centrifuged, washed with ethanol and dried. It was 
then treated with trypsin to remove remaining protein, as described above. and re- 
precipitated. The purines were removed from this fraction by a 5 min hydrolysis in 
0-1 N HCl at 100 “C.* 

Compounds were chromatographed on Whatman No. 3 MM paper, with isopro- 
panol-H,O (70:30 v/v) as solvent in an atmosphere of ammonia.”* Material absot bing 
ultraviolet light was located on the chromatograms by ultraviolet light absorption 
prints according to the method of Markham and Smith, using Remington Rand 
G-91 Portagraph paper. Radioactive spots were detected by placing the chromato- 
gram against Kodak-Medical X-ray film (single coated, blue sensitive) for from 2 to 
4 weeks. Compounds were separated by paper electrophoresis on strips of Whatman 
No. 3 MM paper, 2} in. wide. A 1000 V power source (E.C Apparatus Co., Swarth- 
more, Pa.) provided a potential gradient of approximately 20 V/cm. The strip was 
immersed in a bath of carbon tetrachloride placed between the electrode chambers. to 
prevent heating.” Solutions of 0-05 M formate, pH 3-5; 0-05 M acetate, pH 4-5 and 
5-0; 0-05 M phosphate, pH 6-6 and 7-6; and 0-025 M borate, pH 8-5, 9-0 and 9-7 
were used as buffers. The distribution of radioactivity and ultraviolet absorption along 
electrophoresis and chromatogram strips was measured by cutting the Strips into 
0-5 cm sections from which the compounds were eluted by immersion in 2 ml of 0-01 N 
HC! for 16 hr at0 °C. After measurement of the ultraviolet absorption spectrum, 0-5 
mi or | ml of each solution was transferred to an aluminum planchet, dried in a stream 
of cool air, and the radioactivity determined. Breakdown of some of the sulfhydryl 
compounds mentioned in this study has been observed to occur when the compounds 
were concentrated at one end of a chromatogram section by the capillary flow of an 
eluting fluid through the section, followed by evaporation from the end. This de- 
composition was avoided by immersing the spot in a large volume (10 ml or more) 
of water containing | drop of | N HCl in the cold, and lyophilizing the solution ob- 
tained 


Conversion of cysteine to cysteic acid 

Cysteine in the bacterial protein fraction remaining after the sodium chloride 
extraction was oxidized to cysteic acid by a 5 min treatment with performic acid at 
room temperature.© The performic acid was removed by evaporation, and the pro- 
tein hydrolyzed with 6 N HCI at 8 Ib/in® (112 °C) for 3 hr. The cysteic acid was separated 
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readily from the amino acid mixture by paper electrophoresis (2 hr at 20 V/cm, 
pH 3-0 (0-2 M acetic acid)), since under these conditions it is the only compound 


migrating towards the anode 


Membrane technique 

The uptake of radioactive materials by growing cells was measured by the mem- 
brane filter technique of Britten ef a/.,** a method which has been used regularly in 
this laboratory.'*? Samples of the culture were rapidly transferred into Beckman cells 
for turbidity measurements, and were then pipetted immediately for filtration through 
collodion membrane filters (Schleicher and Schuell Co., Keene, N.H.). These filters 
which semoved the cells quantitatively from the cultures, were attached with rubber 
cement to aluminum plates and allowed to dry. The radioactivity on the plates was 
determined in a proportional gas-flow counter usually to a standard error of | per cent. 

The above filtration technique has been used by Roodyn and Mandel*’ as a rapid 
method of fractionation which provides the same results as those obtained by con- 
ventional techniques. Bacteria were treated with 5°,, TCA for 15 min at room tempera- 
ture, or with 5°,, TCA for 30 min at 100°C. These suspensions were filtered onto the 
membranes and the residues washed with 1°,, TCA. The radioactivity in the “intact 
cells” was determined by filtering the untreated culture directly and washing with 


medium 


Recovery of 6-mercaptopurine 

The percentage of 6-mercaptopurine remaining in the growth medium after various 
periods of incubation was estimated by the following procedure. A sample of the med- 
jum containing 6-mercaptopurine-8-"C, after measurement of turbidity, was filtered 
through a collodion membrane and the filtrate collected. Carrier 6-mercaptopurine 
(at least 2000 times greater than the amount of the radioactive compound) was added 
to an aliquot of this filtrate. The mixture was then lyophilized, the residue taken up ina 
small volume of 0-01 N NH,OH, and the 6-mercaptopurine was re-isolated by a two- 
dimensional combination of paper chromatography and paper electrophoresis at pH 
9-0. 6-Mercaptopurine was the only detectable spot on the paper which absorbed ultra- 
violet light after this treatment. The specific activity of this material, calculated from the 


optical density at 325 my, was directly proportional to the concentration of 6-mercap- 


topurine remaining in the growth medium, since the ultraviolet absorption of the 
radioactive material was insignificant in comparison with that of the carrier. 


Preparation of soluble fractions 

To prepare the soluble fraction of cells, 400 ml of culture was incubated with | ug 
of *S- or “C-6-mercaptopurine per ml of suspension. After 30-40 min, when the 
quantity of soluble metabolites was at a maximum, the culture was cooled in ice. 
The cells were centrifuged, suspended in water and then pipetted into 4 ml of ethanol 
at 85 °C. After 3 min, the precipitate was removed by centrifuging and the supernatant 


solution evaporated to dryness in vacuo.** 


RESULTS 

Metabolism of 6-mercaptopurine by resting cells 
Resting cells of Bacillus cereus (about 2 mg of dry weight per ml of culture) were 
incubated in the presence and absence of 20 »g of 6-mercaptopurine-8-“C per ml of 
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suspension for 15—40 hr at 37 °C. An ultraviolet absorption print and radioauto- 
gram of a chromatogram of the medium containing 6-mercaptopurine, after removal of 
cells, is shown in Fig. 1. Two spots absorbing ultraviolet light were observed, A and 
B, which were not formed during incubation in the absence of 6-mercaptopurine. 
Of the five radioactive spots, two coincided with A and B: two others, C and D. 
although they contained as much radioactivity as A and B, did not absorb ultraviolet 
light. The fifth radioactive metabolite, E, could be distinguished from an ultraviolet 
absorbing metabolite which was present also in the control. 

Metabolite A had the same ultraviolet absorption spectrum and chromatographic 
properties as authentic thiouric acid. This compound has been reported to be a 
metabolite of 6-mercaptopurine in man"®.** and in the mouse.* The radioactive meta- 
bolite which had been purified by paper chromatography was mixed with carrier 
thiouric acid from which it was subsequently indistinguishable upon electrophoresis 
at pH 4-5, 5-0, 6°6 and 7-6. The metabolite is therefore presumed to be thiouric acid. 

Metabolite B had the same ultraviolet absorption spectrum and chromatographic 
properties as thioxanthine, a potential intermediate in the conversion to thiouric acid 
When carrier thioxanthine was added to the bacterial medium after incubation with 
6-mercaptopurine-8-"C, the re-isolated thioxanthine had a constant specific activity 


Fic. 2. Distribution of ultraviolet absorption ( ) and radioactivity (@ @) from mixture 


of radioactive metabolite B and carrier thioxanthine. Left paper chromatogram; right, paper 


electrophoresis strip, pH 7-6 


after the seventh and ninth recrystallizations from hot water. Since thioxanthine oc- 
casionally decomposed on recrystallization, reproducibility was improved by acidify- 
ing the incubation medium, lyophilizing and extracting the dry powder with hot pyri- 
dine. The pyridine was evaporated to dryness, and after carrier thioxanthine was added 
the mixture was recrystallized three times from hot water. Constant specific activity 
of the recrystallized thioxanthine was retained during chromatography followed by 
electrophoresis of the chromatographed compound at pH 6°6 and 7-6, as shown in 
Fig. 2, and therefore it was concluded that metabolite B is thioxanthine. 

The high degree of sensitivity of the identification procedure shown in Fig. 2 was 
demonstrated by mixing radioactive thiouric acid, isolated from the medium, with 
carrier thioxanthine, and separating the mixture by electrophoresis at pH 6-6, at 
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Metabolites of 6-mercaptopurine-8-''C in the medium of a resting B. cereus culture. Left 


ultraviolet absorption print and right, radioautogram of a chromatogram 
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which the compounds have similar mobilities. As shown in Fig. 3, the compounds 
could be differentiated from each other, since the specific activities of sections of the 
strip were not the same. Only a very slight difference in mobility is required, therefore, 
to distinguish a known compound from an unknown radioactive one. 

Incubation of resting cells of B. cereus (2 mg of dry weight per ml) for 16 hr, in 
the presence of 20 «g/ml of thioxanthine led to the formation of a metabolite with the 
chromatographic and ultraviolet-absorbing properties of thiouric acid. Incubation 


Fic. 3. Sensitivity of analysis method. Distribution of ultraviolet absorption ( —Q©) and radio- 
activity (@ @) along paper electrophoresis strips (pH 6°6). Left, radioactive metabolite A plus 
carrier thiouric acid; right, radioactive metabolite A plus carrier thioxanthine. 


of 6-mercaptopurine with commercial xanthine oxidase, in the presence of catalase, 
gave rise to two products with the chromatographic and spectrophotometric proper- 
ties of thioxanthine and thiouric acid. Table 1 gives an indication of the amount of 
the metabolites produced after two periods of incubation using the separation pro- 
cedure shown in Fig. 1. Metabolite C was not distinguished clearly from thioxanthine 
in this experiment. It appears that thiouric acid was produced at a slower rate than 


RADIOACTIVE METABOLITES OF 6-MERCAPTOPURINE-8-"C IN THE MEDIUM 
OF RESTING B. cereus CULTURES 


TABLE 1. 


Per cent of total radio- 


activity 

Compound Code 
16-hr 40-hr 

incubation incubation 
6-Thiouric acid A 5 33 
6-Thioxanthine + unknown B+C 50 42 
Unknown — 4 
6-Mercaptopurine 42 12 
Unknown E 3 


thioxanthine, consistent with the hypothesis that 6-mercaptopurine was converted 
first to thioxanthine, which was subsequently oxidized to thiouric acid, Neither thio- 
xanthine nor thiouric acid was found to inhibit the growth of B. cereus at concentra- 
tions up to 20 «g/ml. Since 6-mercaptopurine is inhibitory to growth at less than one- 
twentieth of this concentration, this metabolic route apparently involved detoxication. 
The three other metabolites produced by resting cells remain unidentified. 
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Metabolism of 6-mercaptopurine by growing cells 

A dose-response curve with 6-mercaptopurine (I ig. 4) demonstrated that the 
generation time of B. cereus was essentially constant during the inhibition of growth 
at all the levels tested, whereas the duration of inhibition was related to the drug con- 
centration. Similarly, Bolton and Mandel'® have reported that the inhibition of the 
growth of F. coli by 6-mercaptopurine terminated spontaneously after some time, and 


FiG. 4. Effect of various concentrations of 6 mercaptopurine on the growth rate of B.’cereus 


O ml; @. 0-5 ne mi: 1-0 A A, 5:0 


normal growth resumed. Since metabolism of the drug could have been responsible 
for this cessation of inhibition, the metabolic pathways of 6-mercaptopurine were 
studied with growing bacteria. The conversion to thioxant] me and thiouric acid 
appeared to be of little importance in growing cells, since after 10 hr of growth in the 


presence ol! 


an excessive dose of 6-mercaptopurine (50 ug/ml) less than 10 per cent of 
he radioactivity remaining in the bacterial medium was recovered in the form of these 
metabolites 

Cells growing in the presence of | xg of either 6-mercaptopurine-8-"C or 6-mercap- 
topurinc-”S per m 


« 


of medium were fractionated by the membrane technique. Fig 
shows the incorporation of the radioisotopes into the various fractions of the growing 
cells. It is clear that the fate of the two radioactive isotopes was quite different, 
implying that the sulfur was rapidly cleaved from the purine ring. Radioactive carbon 
was largely incorporated into the fraction soluble in hot TCA. which contained all of 
the nucleic acids. *S from 6-mercaptopurine-“S, on the other hand. was incorporated 


in the residue insoluble in hot TCA, which contained essentially all the protein of the 


cell,** and only a small amount of radioactivity could be extracted with hot TCA 
The relatively high incorporation of radioactive carbon into the hot TCA-insoluble 
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residue soon after the addition of the drug was observed repeatedly. Although the 
nature of this substance is unknown, it is tempting to speculate that it may represent 
a purine which is closely associated with protein. The proportion of radioactivity 
from the carbon-labeled drug in the acid-soluble fraction was much smaller than that 
of the ®S from the sulfur-labeled drug, a finding which implies that the removal of 
the sulfur was rapid and extensive. The decrease in the total radioactivity inside the 
cells, particularly with the *S-labeled drug, was apparently due to the elimination of 
metabolites from the cell into the medium after the splitting of the sulfur-purine bond. 


Fic. 5. Uptake of radioactivity from labeled 6-mercaptopurine by growing cells of B. cereus. Left 
8-4C; right, *S. @ @ intact cells: A A residue after treatment with cold TCA; 
residue after treatment with hot TCA. Inhibition stopped at arrow. 


Fig. 5 demonstrates that when the growth inhibition ceased, radio-carbon was no 


longer present in the acid-soluble fraction, while the radioactivity in the residue in- 
soluble in cold TCA remained constant. However, radioactive sulfur continued to be 


incorporated into all fractions at approximately the same rate, even after the inhibition 


had ceased. It is interesting that the initial phase of uptake of radiosulfur into the acid- 
soluble fraction had been completed prior to the cessation of inhibition. 
The decrease in the concentration of 6-mercaptopurine in the growth medium during 


incubation was estimated after various periods of incubation, using the procedure 
described under Methods. The cells were grown with 6-mercaptopurine-8-"C at an 
initial concentration of 0-5 «g/ml. As is shown in Fig. 6, 6-mercaptopurine could no 


longer be detected in the medium at a time which coincided with the cessation of 


inhibition of cell growth. 

Metabolites of 6-mercaptopurine-8-"C in the nucleic acid fraction. The mono- 
nucleotides derived from the RNA of cells which had been incubated for 2 hr im the 
presence of 2ug of 6-mercaptopurine-8-"C per ml were separated by paper electro- 
phoresis at pH 3-5. Fig. 7 shows the distribution of ultraviolet absorption and radio- 


activity along the electrophoresis strip. Two major radioactive peaks were observed 
which coincided exactly in position with adenylic and guanylic acids and had the same 
ultraviolet absorption spectra. It was calculated that approximately 55 per cent of the 
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radioactivity from 6-mercaptopurine-8-"C incorporated into the nucleic acids was 
present as adenine and 45 per cent as guanine. A small additional peak corresponding 
to another compound was also observed at about 8-5 cm from the origin. This product 
lacked the characteristic absorption at 320 my of a 6-mercaptopurine derivative, and its 
mobility was less than that expected for 6-mercaptopurine ribonucleotide. Since such a 


Fic. 6. Uptake of radioactivity from 6-mercaptopurine-8-"*C into growing cells of B. cereus: intact 
cells @ res ifter treatment with § TCA A A. Percentage of original 6-mercapto- 


purine remaining in the growth medium Growth inhibition stopped at arrow 


x 


Fic. 7. Distribution of ultraviolet absorption ( ) and radioactivity (@ @) along paper 
electrophoresis strip. Ribonucleotides from RNA of cells incubated with 6-mercaptopurine-8-'" 
separated at pH 3-5 


compound has also been observed in experiments with labeled hypoxanthine, it was 
concluded that the product was derived from 6-mercaptopurine only after the cleavage 
of the mercapto group 

To determine whether or not 6-mercaptopurine was converted into the purines of 
DNA, bacteria were grown in the presence of 6-mercaptopurine-8-"C, as is described 
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above, and DNA was isolated. After hydrolysis to obtain the purine bases, carrier 6- 
mercaptopurine was added and the mixture was subjected to electrophoresis at pH 
9-7. Adenine and guanine were found to be radioactive, whereas no radioactivity could 
be detected in the 6-mercaptopurine area of the strip. Therefore, the presence of radio- 
activity from 6-mercaptopurine-8-"C in the fraction soluble in hot TCA may be 
attributed to the conversion of the drug to adenine and guanine derivatives. 

For purposes of comparison, bacteria were incubated for | hr with hypoxanthine- 
8-"C at a concentration of 5 «g/ml and the RNA fraction was hydrolyzed and sub- 
jected to electrophoresis as before. The distribution of radioactivity along the paper 
strip was very similar to that shown in Fig. 7. Of the radioactive material in the nucleic 
acids, 60 per cent was recovered in the adenine and 40 per cent in the guanine com- 
ponents. 

The incorporation of ®S from 6-mercaptopurine-”S into the protein fraction. The 
distribution of ®S between the various cell fractions indicated that most of the 
radioactivity was incorporated into the proteins (Fig. 5). Cells which had been grown 
in the presence of 3 ug of 6-mercaptopurine-”S per ml of culture for 2 hr were har- 
vested and extracted to prepare the protein residue. The protein was treated with 
performic acid to oxidize the cysteine to cysteic acid and was then hydrolyzed. 
Carrier cysteic acid was added and the amino acid mixture was separated by paper 
electrophoresis. The isolated cysteic acid was radioactive, implying that the sulfur 
from the drug had been used by the cells in the synthesis of proteins. It seems reasonable 
to suppose that all the radio-sulfur in the residue insoluble in hot TCA was present 
as the sulfur amino acids formed from the sulfur split from 6-mercaptopurine. 

Metabolites of 6-mercaptopurine-“S in the nucleic acid fraction. Since a trace of 
radioactive sulfur was solubilized during the extraction of the nucleic acid fractions, 
attempts were made to establish an upper limit of the possible incorporation of 6- 
mercaptopurine-“S as such into the nucleic acids. The extraction with hot TCA is 
known to remove more than nucleic acids alone, which do not contain sulfur. For 
instance, from B. cereus grown in the presence of cystine-*°S, about 10 per cent of the 
cellular radioactivity is extracted by this reagent.*° 

The mononucleotides derived from the RNA of a culture grown for 2 hr in the 
presence of 6-mercaptopurine-“S at a concentration of 3 ug/ml, were chromato- 
graphed and the radioactivity along the paper was measured. In the areas to which the 
nucleotides migrated, two small unidentified peaks of radioactivity were observed. 
By assuming that both of these compounds contained 6-mercaptopurine itself, even 
though they were probably derived from contaminating non-nucleic acid material, 
and from a knowledge of the specific activity of the 6-mercaptopurine-*S, a maximum 
of 2 « 10~* umole of the drug could have been associated with 0-5 wmole of RNA 
guanine, or one residue of 6-mercaptopurine for 2500 of guanine. In all likelihood, 
therefore, there would be less than | mole of drug present in 10,000 normal ribo- 
nucleotide units, or in RNA having a molecular weight of 3 = 10°. 

The incorporation of 6-mercaptopurine-“S into DNA also was examined, si ance 
trace of radioactivity was associated with this fraction. Treatment with trypsin 
of DNA prepared from cells incubated as above with 6-mercaptopurine-*S reduced 
the radioactivity in the precipitable material by about 60 per cent, presumably due to 
the release of soluble peptides. After hydrolysis to liberate the purines, carrier 6- 
mercaptopurine was added and the mixture was subjected to paper electrophoresis 
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at pH 9-0. Since the 6-mercaptopurine area of the strip differed in radioactivity from 
that of the background by less than 3 counts/min, it was calculated that no more than 
1-6 10~° «mole of 6-mercaptopurine could have been present. Since the strip con- 
tained 0-157 «mole of guanine, the incorporation of 6-mercaptopurine did not exceed 
1 mole for each 10,000 moles of guanine, or one 6-mercaptopurine residue for every 
40.000 normal base residues. 

Stability of 6-mercaptopurine in alkali. \t was observed that 6-mercaptopurine is 
considerably less stable in alkaline than in acid solutions. The possibility existed that 
the digestion with potassium hydroxide used in the above experiment destroyed 6- 
mercaptopurine, thus precluding the possibility of detecting the original drug or its 
anabolites. After incubation of 6-mercaptopurine or its ribonucleoside in 1 N 
potassium hydroxide for 16 hr at room temperature, chromatography revealed a single 
ultraviolet-absorbing component, the spectrum of which was identical to that of the 
untreated material. Thus, it seems reasonable to assume that any 6-mercaptopurine 
ribonucleotide present in the nucleic acids would have been similarly unaffected by 
the digestion 

Metabolites in the soluble fraction of the cells. Curve | of Fig. 8 shows the distribu- 
tion of radioactivity along a chromatogram of the metabolities in the soluble fraction 
from cells incubated with 6-mercaptopurine-*°S, as described in Methods. Since. by 
analogy with the metabolism of cysteine,*! sulfite may be expected to be a metabolite 
of 6-mercaptopurine, the soluble fraction was dissolved in water, and 10 mg of sodium 
sulfite and excess hydrochloric acid were added. The mixture was then allowed to 
stand in a closed container near an open dish of barium acetate solution to trap vola- 
tile sulfur dioxide. The resulting barium sulfite precipitate was isolated and was found 
to be radioactive. Chromatography of the soluble fraction which had been subjected 
tu the above acid-treatment indicated that the large slow-moving radioactive peak was 
reduced in size (Fig. 8 curve 2.) 

lo exclude the possibility that the extract contained radioactive metabolites other 
than sulfite which would be rendered volatile by acid, the ethanol extract derived from 
cells incubated with 6-mercaptopurine-“S was divided into two equal portions. One 
portion was evaporated to dryness and 0-05 ml of saturated sodium bisulfite solution 
was added, followed by an equimolar amount of benzaldel yde. The benzaldehyde 
bisulfite complex which formed was recrystallized from ethanol or is propanol, and 
was found to be radioactive. To the second portion of the ethanol extract. 10 mg of 
sodium bisulfite and excess hydrochloric acid were added and sulfur dioxide was 
allowed to distill into barium acetate, as is described above. The solution was then 
evaporated to dryness and the benzaldehyde—bisulfite complex formed. The total radio- 
activity of this complex was considerably lower than in the first case. The amount of 
radioactivity lost from the extract by treatment with acid was essentially constant when 


determined in three ways (Table 2): (1) by direct counting of the radioactivity in the 


extract before and after the acid treatment; (2) by determining the amount of activily 


in the barium sulfite precipitate; and (3) by calculation from the difference in specific 
activities of the benzaldehyde bisulfite complexes formed with and without acid 
treatment. These results imply that inorganic sulfite was one of the metabolites of 6- 
mercaptopurine-*’S. In view of the probable reutilization of some of the sulfite for 
protein synthesis, an exact estimate of the extent of this desulfuration at any one time, 
as in the sampling procedure described here, would have little significance. 
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The presence of 6-mercaptopurine ribonucleotide was suggested by the work of 
Brockman et a/."' and of Paterson.* In the present experiments, the chromatographic 
distribution of radioactive metabolites in the soluble fraction was compared using 
cells incubated with 6-mercaptopurine-*S (curve 1, Fig. 8) and 6-mercaptopurine-8-"C 


8. Distribution of radioactivity along chromatograms of the soluble fraction of cells. Curve | 
(top), cells incubated with 6-mercaptopurine-“S; curve 2 (center), cells incubated with 6-mercapto- 

purine-™S after removal of sulfite; and curve 3 (bottom), cells incubated with 6-mercaptopurine-8-" 


TABLE 2. RADIOACTIVITY DERIVED FROM THE SOLUBLE FRACTION OF B 


cereus AFTER 
INCUBATION WITH 6-MERCAPTOPURINE-“°S 


(Acid-treatment volatilized sulfite as sulfur dioxide which was trapped as barium sulfite.) 


Radioactivity 
(counts/min) 


Before After 
acid- acid- 
treatment treatment 


Volatilized by 
acid-treatment 


Total activity of extract 58,150 49,830 8320 
Total activity of barium 

sulfite precip!tate 8060 8060 
Total activity of benzal- 

dehyde-bisulfite com- 

plex 10,200 
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(curve 3, Fig. 8). The major peaks in both fractions had a low R, (1-5—3-5 cm from 
origin), which is characteristic of nucleotides. These peaks were eluted and resolved 
by paper electrophoresis at pH 3-5. Apart from material remaining at the origin, there 
was only one other peak which coincided exactly in both paper strips. The properties 
of this material (low R,, high electrophoretic mobility at pH 3-5, labeled with both 
**S and “C) were similar to those expected of 6-mercaptopurine ribonucleotide. 

For the identification of the ribonucleotide of 6-mercaptopurine, the major peak 
from curve 2 of Fig. 8 (cm 1-5—3-5) was eluted and treated with Crotalus venom to 
hydrolyze any ribonucleotides present to the corresponding ribonucleoside.’® A 
known amount of authentic 6-mercaptopurine ribonucleoside was added as carrier and 
the mixture was chromatographed in the isopropanol-ammonia solvent, in which ribo- 
nucleosides have a higher R, than ribonucleotides. The ribonucleoside was eluted and 
subjected to paper electrophoresis using borate buffers at pH 8-3 and 9-0. The specific 
activities of sections of the ribonucleoside spot were constant along the length of the 
strip. It was concluded that the material which had a low R, in curve 2 of Fig. 8 
contained 6-mercaptopurine ribonucleotide. Assuming 100 per cent hydrolysis by the 
phosphatase, about one-fifth of the total radioactivity of the soluble fraction was 
associated with the ribonucleotide, or about | «mole of the metabolite per g of dry 
weight of cells 


DISCUSSION 


The conversion of 6-mercaptopurine to thiouric acid in resting cells suggested that the 
enzyme xanthine oxidase was partly responsible for the metabolism of the drug, as 
had becn demonstrated earlier for mammalian cells.*-.2° The similarity to the oxida- 
tion of hypoxanthine by this enzyme has been further demonstrated here with the 
observation that 6-mercaptopurine is converted by resting cells first to thioxanthine. 
which is then oxidized to thiouric acid. Thioxanthine has recently been shown to be 
a metabolite of thioguanine in mammalian tumor cells.** 


This katabolic pathway is characteristic only of resting cells. Growing cells rapidly 
converted most of the drug into normal purines which were incorporated subsequently 
into nucleic acids. Thus, after a brief period of incubation, very little of the original 
compound remained to be degraded by the route characteristic of resting cells 


This conversion to normal purines is of importance, since a number of studies have 
Suggested™ that 6-mercaptopurine inhibits purine synthesis and purine intercon- 
versions because of an observed decrease in incorporation of a radioactive precursor 
into the nucleic acids or a lowering of the specific activity of the purines in the nucleic 
acids. It is clear that at least some of these decreases could be due to a dilution of the 
radioactivity from the precursor with non-radioactive purines derived from the drug. 
In those studies in which the total amount of nucleic acids was measured, however.)°.*5 
an actual decrease in nucleic acid content was shown to have been caused by the drug. 
Furthermore, since normal purines will reverse the growth inhibition, the metabolism 
of the drug itself produces compounds which will tend to overcome the inhibition. 

Radioactive sulfur which had been cleaved metabolically from 6-mercaptopurine 
was lost rapidly into the growth medium, but later it re-entered the cell and was in- 
corporated into the protein from which some of it was recovered as cysteic acid. 
Sulfite, which was concluded to be a product of metabolism of the drug, was present in 
the soluble fraction of the cells. It is possible that in the cell 6-mercaptopurine was 
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converted to purine-6-sulfinic acid which was then split to give sulfite and hypo- 
xanthine. Since some of the radioactivity from cells grown in the presence of *5-S- 
amino acids which are incorporated mainly into proteins can be extracted by pro- 
cedures which extract principally nucleic acids,*® caution must be exercised in de- 
ciding whether or not radioactive sulfur from 6-mercaptopurine-“S which is liberated 
during such extraction is, in fact, due to incorporation of the unchanged drug. 

The results presented indicate that little if any 6-mercaptopurine was incorporated 
into the nucleic acids of B. cereus, in agreement with earlier investigations with 
E. coli,’® but apparently at variance with those on animal tissues.* The upper limit of 
incorporation was calculated to be less than one molecule of 6-mercaptopurine in a 
molecule of RNA having a molecular weight of 3 « 10°. It seems unlikely that such a 
low level of fraudulent nucleic acid, containing the unnatural base, could account for 
the biological activity of the drug, at least in micro-organisms, especially since in- 
hibition of growth by 6-mercaptopurine begins almost immediately (which, therefore. 
would not allow for any such incorporation into nucleic acids) and ceases abruptly 
when all the drug has been metabolized to other compounds. 

An alternative suggestion, namely that 6-mercaptopurine inhibits growth by inter- 
fering with cell metabolism at the nucleotide level, is supported here by the identifica- 
tion of 6-mercaptopurine ribonucleotide in the soluble fraction, as in the work of 
Brockman er a/.** with Streptococcus faecalis and by Paterson®® with a tumor. Since 


inability to synthesize this ribonucleotide has resulted in resistance to 6-mercapto- 


purine,** it has been suggested that the ribonucleotides of the unnatural purines may 
be, or are closely related to, the true inhibitors of metabolism and therefore of growth. 

It is clear that the relatively short duration of inhibition of B. cereus (also observed 
in £. coli by Bolton and Mandel!) is due to the metabolism of the drug to inactive 
compounds. In the initial stages of inhibition sufficient 6-mercaptopurine is present to 
allow production of the inhibitory metabolite. Thereafter, the competition between 
these anabolic processes and the catabolism which results in the formation of normal 
purines may antagonize the inhibitory action of the drug, and reduce the concentra- 
tion of 6-mercaptopurine below that required for inhibition of growth. Thus, the 
duration of inhibition produced by decreasing concentrations of 6-mercaptopurine 
will be shorter as bacterial enzymes can catabolize the smaller quantities of the drug 
more readily. 

Since increasing concentrations of the drug in the bacterial medium did not produce 
greater inhibition, it is possible that the enzyme systems which produced the inhibi- 
tory metabolite became saturated. Concentrations as low as 0-1 ug of 6-mercapto- 
purine per ml were definitely growth inhibitory for short periods of time and thus must 
have been adequate to saturate this enzyme system. 


REFERENCES 
D. A. CLarke F. S. S. S. Srernserc, C. C. Stock, G. B. ELIon and G. H. HITCHINGS, 
Cancer Res. 13, 593 (1953) 
. G. B. Etton, G. H. Hitcuincs and H. VANperwerer, J. Biol. Chem. 192, 505 (1951). 
J. J. Bresece. Ann. N.Y. Acad. Sci. 60, 228 (1954). 
.J.S. Sacser and M. E. Fed. Proc. 18, 315 (1959). 
5. J. D. Davipson, Proc. Amer. Ass. Cancer Res. 3, 15 (1959). 
. G. B. Etton, S. Breper and G. H. Hircuinas, Ann. N.Y. Acad. Sci. 60, 297 (1954). 
. R. W. Brockman, C. Sparks D. J. Hurcuison and H. E. Skipper, Cancer Res. 19. 177 ( 1959). 


. 
3 
a 
a 
7 
960 | 
| 
= 
> 


> 


N. H. Carey and H. G. MANDEL 


. M. E. Bauts, V. Hytin, M. K. Couttas and D. J. Hutrcuison, Cancer Res. 18, 440 (1958). 


. G. MaAnpbe-, P.-E. Carto and P. K. Smitn, J. Biol. Chem. 206, 181 (1954). 

T. BOLTON and H. G. Manpet, J. Biol. Chem. 227, 835 (1957). 

W. Brockman, M. C. Sparks and M. S. Simpson, Biochim. Biophys. Acta 26, 671 (1957) 
G. Manpe ., J. Biol. Chem. 225, 137 (1957), 
. H. Carey and H. G. ManpeL, Abst. Amer, Soc. Pharmacol. Exp. Therap. Ann Arbor 8 (1958) 
H. Carey and H. G. Manpet, Fed. Proc. 18, 200 (1959). 

L. Loo, M. E. Marvin, A. J. Garceau and J. C. Rem, J. Amer. Chem. Soc. 81, 3039 (1959) 
B. DuNN and J. D. Smitu, Biochem. J. 67, 494 (1957) 

E. F. Matruews and J. D. Smitu, Nature, Lond. 177, 271 (1956) 

STupe and F. Pariser, 7. physiol. Chem. 120, 292 (1922). 

SCHMIDT and S. J. THANNHAUSER, J. Biol. Chem. 161, 83 (1945), 

Jorpes, Acta Med. Scand. 68, 503 (1928) 

G. Manpet, G. 1. SUGARMAN and R. A. Apter, J. Biol. Chem. 225, 151 (1957) 

Tamm, M. E. Hopes and E. Cuaraarr. J. Biol. Chem. 195, 49 (1952) 

MARKHAM and J. D. Smiru, Biochem. J. 52, 552 (1952) 

MARKHAM and J. D. Smitu, Biochem. J. 45, 294 (1949) 

P. Rye, F. Sancer, L. F. Smirn and R. Krrat, Biochem. J. 60, 541 (1955) 

J. Brirren, R. B. Roperts and E. F. Frencu, Proc. Nat. Acad. Sci., Wash. 41, 863 (1955) 
B. Roopyn and H. G. MANnpe t, Biochim. Bioply icta. 41, 80 (1960) 

J. Tomisek, H. J. Kecry and H. E. Skipper, Arch. Biochem. Biophys. 64, 437 (1956) 
HAMILTON and B. ELIon, Ann. N.Y. Acad. Sci. 60, 304 (1954) 

G. MANnpe and R. L. ALtMman, J. Biol. Chem. 233. In press 


. G. Mepes and N. Fioyp, Biochem. J. 36, 259 (1942) 


A. R. P. Paterson, Canad. J. Biochem. Physiol. 37. 1011 (1959) 

E. C. Moore and G. A. LePaGce, Cancer Res. 18. 1075 (1958) 

M. E. Batis, D. H. Levin, G. B. Brown, G. B. Exton, H. C. NATHAN and G. H. Hitcuinas. 
irch. Biochem. Biophys. 71, 358 (1957) 

H. G. Manpe , J. K. Inscor, H. M. MALING and P. K. Smirn, J. Pharmacol. 120. 195 (1957) 
R. W. Brockman, M. C. Sparks, M. S. Simpson and H. E. Skipper, Biochem. Pharmacol. 2. 
78 (1959) 


7° 
4 
10. I 
11. R 
12. H 
13. N 
14. N 
1S. T 
16. D 
17. R 
18. H 
19. 
2 0. I 
21.3 
R 
R 
i 
Hi 
a 
33 196 
‘4 
35 
j 


Biochemical Pharmacology, 1960, Vol. 5, pp. 79-86. Pergamon Press Ltd. Printed in Great Britain 


CORRELATION OF THE METABOLIC EFFECTS OF 
BENZALKONIUM CHLORIDE WITH ITS 
MEMBRANE EFFECTS IN YEAST* 


T. G. SCHARFF with the technical assistance of W. C. MAUPIN 


The University of Louisville, School of Medicine, 
Department of Pharmacology, Louisville 2, Ky. 


(Received 22 March 1960) 


Abstract—To non-growing suspensions of baker’s yeast at pH 5-5 were added varying 
amounts of the cationic surfactant, benzalkonium chloride. The percentage of cells 
stained by Nile Blue dye in the presence of calcium chloride, the percentage of potassium 
lost from the cells, the percentage inhibitions of rates of anaerobic glucose utilization and 
CO, production, and the decarboxylation of exogenous pyruvate (as percentage of 
maximal rate of decarboxylation) were found to be equal for any given surfactant con- 
centration in the range of concentrations used. Results were interpreted as an all-or- 
none phenomenon for individual cells in suspension, i.e. as the concentration of sur- 
factant was raised, greater numbers of cells simultaneously released all or nearly all of 
their potassium, ceased fermenting, and commenced to decarboxylate pyruvate. The 


results are discussed 


INTRODUCTION 
CATIONIC surface-active agents produce changes in both membrane permeability and 
metabolism. Hotchkiss' reported the loss of phosphorus- and nitrogen-containing 
compounds from staphylococci treated with cationic surfactants. Armstrong? showed 
a correlation between the cytolytic effects of cationic surfactants and their inhibitory 
effects on acid production and CO, production in yeast. 


Poisons other than surfactants are known to increase the permeability of the red 
blood cell®: * or of the yeast cell® in an all-or-none manner. Thus, each cell in suspen- 


sion shows no membrane response until the concentration of agent becomes critical 
for that cell; at the critical concentration the membrane permeability to potassium 
suddenly increases with a resultant complete loss of this ion from the cell. The cells 
in a suspension would behave as a population, with greater numbers of cells losing 
their potassium as the concentration of agent was increased. 

The aforementioned findings suggested that both the membrane response and cer- 
tain metabolic responses of yeast to the cationic surfactant, benzalkonium chloride,+ 
might be of an all-or-none nature. Results reported here lead to the conclusions that the 
effects of benzalkonium chloride on the membrane and on certain metabolic measure- 
ments are indeed all-or-none in nature. (In this paper the effects of the surfactant on 
the membrane were measured in terms of K* loss, but it is net implied that K * loss is 
the only result of alteration in the membrane produced by this agent.) 

* This work was supported by USPHS Grant No. E-2234. 


+ Benzalkonium chloride, a mixture of cationic quaternary ammonium derivatives of varying alkyl 
chain lengths was supplied by Mr. Irwin Shupe of Winthrop Laboratories 
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METHODS 

All experiments were performed at pH 5-5 on non-growing suspensions of com- 
mercial baker's yeast (standard brands). The yeast had been washed four times and 
aerated for 4 hr prior to experiment. Manometric measurements of oxygen consumption 
or CO, production were made by the usual Warburg techniques. 

Concentration of potassium ion in supernates from the suspensions was determined 
by flame photometry with lithium as internal standard. Total cellular potassium was 
estimated by boiling an aliquot of the yeast suspension for 2-3 min* and measuring 
the potassium in the supernate. 

The dye, Nile Blue, was used to determine whether or not surfactant affected the 
membrane in an all-or-none manner. It was found that as surfactant concentration 
was raised, greater numbers of cells were stained. In any particular count there appear- 
ed only two types of cells—cells deeply stained and cells apparently unstained. The 
cells were protecied from the effects of the dye by previous addition of calcium chloride 
to give a final calcium concentration of 0-005 M. The concentration of dye in the 
suspensions was 0-037 mM. At this dye concentration 97-100 per cent of the cells 
were stained when calcium chloride was not present. In the presence of calcium, 


however, the staming was reduced to 0-3 per cent. However, cells which have under- 


gone membrane changes stain even in the presence of calcium. The effects of benzal- 


konium chloride on potassium loss and staining could thus be determined by adding 
surfactant to a yeast suspension, allowing the suspension to stand for 30 min with 
occasional shaking, withdrawing aliquots for potassium analysis, and then adding 
CaCl, and dye to other aliquots. After 45 min the aliquots containing the dye were then 
placed in a hemocytometer and the percentage of stained cells was determined. 

A commercial glucose oxidase (Glucostat-Worthington Biochemical Corp.) pre- 
paration was utilized for glucose analysis. Alcohol was determined by use of a com- 
mercial alcohol dehydrogenase preparation (Determatube C-alc-Worthington 
Biochemical Corp.) 

In experiments where pyruvate was used as substrate, acetaldehyde was determined 
by a modified Barker-Summerson’ method for lactate. Apparently acetaldehyde, and 
not lactate, was being produced in these experiments, since zinc lactate standards 
required an initial 5-min heating period to convert the lactate to acetaldehyde. Barker 
and Summerson’ also found the 5-min heating period to be necessary for conversion 
The supernates from the pyruvate experiments, however, yielded acetaldehyde-like 
material without the initial 5 min of heating. An independent check for acetaldehyde 
was made by mear a modification of the method of Friedemann, et a/." Material 
in the supernates was volatilized at room temperature and reduced pressure, trapped in 
sodium bisulfite, and titrated by the method of Friedemann et a/." The apparent levels 
of acetaldehyde were quantitatively similar to, though more variable than, those obtain- 


ed by the modified Barker-Summerson method just described. 


Effects of benzalkonium chloride on the cell membrane as measured by net potassium loss 

In Fig. | is shown a plot of potassium ion concentration in the medium as a function 
of time for various surfactant concentrations. Since no K* was added to the suspen- 
sions, any K* found in the suspending medium had to come from the cells. With the 
exception of the suspension containing the highest concentration of surfactant, most 
of the K* that was going to be lost from the cells had been lost by the time the first 
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Fic. 1. Leakag potassium vs. time, for differ concentrations of benzalkoniun 


concentrat 
succinals rate ma y add r solid tr nyaro nethy ninomethane t th icids until 
appropriate pH was reached. Numbered curves represent mg of surfactant/g yeast ne experiment 


samples (10 min) were taken. In the time interval 30-60 min the further loss of K + was 
slight. In Fig. 2 the data of Fig. | are replotted to show net K* loss vs. surfactant con- 
centration. It can be seen that K* loss increased slightly until a surfactant concentra- 
tion of 0-004-0-005 (mg surfactant mg yeast) was reached. Above this concentration 
the net K* loss rose sharply until it amounted to about 90-100 per cent of the total 


cellular K* at 0-010 surfactant concentration. Although in Figs. | and 2 the results for 


yeas’ 


Fic. 2. Potassium leakage as a function of benzalkonium chloride concentration (replotted from Fig. 1) 


only one experiment are shown, the K* loss in ten experiments was similar to that 
shown in the figures and was independent of the presence of, or the type of, substrate. 

Because the response of individual cells could not be ascertained from the data of 
Figs. | and 2, the staining technique with Nile Blue in the presence of calcium was 
used to show individual cell response to surfactant. Calcium chloride and Nile Blue 
dye were added to suspensions previously subjected to the action of surfactant (see 
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Methods). It was assumed that the cells in the population absorbed dye as the result of 
an increased permeability brought about by surfactant. Results for net K* loss (as 
percentage of total cellular K*) and percentage staining are shown in Fig. 3. It is 
evident that the percentage K* loss and percentage cells stained could be represented 


Fic. 3. Simultaneous staining and potassium loss for different concentrations of benzalkonium 
chloride. Total potassium loss was corrected for the control potassium loss. Yeast concentration and 
buffer same as in Fig. 1. See text for procedure. Two experiments. Symbols and staining 


A and 0 “, net K loss 


by the curve shown. In Fig. 4 the data of Fig. 3 and of two other experiments are 
plotted to show the variation of the experimental points from the line representing 
equal percentage K* loss and percentage staining. From Fig. 4 it can be seen that the 
percentage K* loss and percentage staining were approximately equal for each sur- 
factant concentration. These data are best explained as representing an all-or-none 


phenomenon. 


FiG. 4, Relationship of staining to potassium loss due to surfactant. Conditions same as in Fig. 3. 
Benzalkonium chloride concentration: 0-16 mg/g yeast (wet weight). Values corrected for control 
potassium loss. Four experiments. 
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Effects of benzalkonium chloride on metabolism 

Decarboxylation of pyruvate. In confirmation of the findings of Barron et a/.® it was 
found in the present study that intact yeast fails to metabolize pyruvate under anaero- 
bic conditions at pH 5-5. At this pH the negatively charged pyruvate ion cannot pene- 
trate the cell membrane.*: *° Because of the ability of benzalkonium ion to affect 


membrane permeability, it was decided to study the effects of surfactant on the meta- 
bolism of exogenous pyruvate. In Fig. 5 it is seen that decarboxylation of pyruvate by 


ol — 


Fic. 5. Anaerobic decarboxylation of pyruvate vs. benzalkonium chloride concentration. Yeast, 10 
mg/ml wet weight. Sodium pyruvate concentration was 0-05 M. Buffered as in Fig. 1. Nitrogen 


atmosphere. Average of two experiments 


the control suspensions was negligible. Above 0-004 surfactant concentration decar- 


boxylation occurred at increasing rates. The concomitant appearances of acetaldehyde 


and alcohol and the failure to detect lactate indicated that the carboxylase enzyme was 


involved rather than the dismutation reaction occurring anaerobically in intact yeast 
below pH 4.” 

In the aerobic experiments of Fig. 6 the same type of decarboxylation curve as seen 
in Fig. 5 was obtained. Below 0-004 surfactant, pyruvate was metabolized at the theo- 
retical R.Q. of 1:2. The aerobic decarboxylation curve was obtained by assuming a 


yeas! per nr 


mg surfactant/mg yeast 


Fic. 6. Aerobic decarboxylation of pyruvate vs. benzalkonium chloride concentration. Conditions 
similar to those of Fig. 5, except air replaced nitrogen in flasks. Average of two experiments. 
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continued 1:2 value for R.Q. at the higher surfactant concentrations and subtracting 
1-2 times the oxygen consumption from total C O, production at the corresponding 
surfactant concentration. In both the anaerobic and the aerobic experiments it was 


found that decarboxylation of pyruvate occurred in or on the cell. since the super- 
natant showed no ability to decarboxylate. 


The correlation of the membrane effects with the metabolic effects in surfactant treated 
cells 

In Fig. 7 the percentage inhibition of fermentation is plotted against percentage net 
K~ loss. It can be seen that the anaerobic metabolism as measured by glucose utiliza- 
tion or CO, production showed results similar to the results of percentage staining vs. 
percentage K~ loss obtained in Fig. 4. In addition, in Fig. 7 it is seen that the decarb- 
oxylation of pyruvate expressed as the percentage of the maximum decarboxylation 


rate was equal to the percentage K* loss for each surfactant concentration used 


tation and anaerobic decarboxylation of pyruvate 
CO,, 0:03 M for anaerobic glucose utilization 
vet weight), with pyruvate. Al 

ntrol potassium loss. Benzal- 

inacrobic CO, determinations by 


experiments 


DISCUSSION 


It is evident from the foregoing experiments that there is a high correlation between 
K~ loss on the one hand and fermentation o1 decarboxylation of pyruvate on the 
other hand. As surfactant concentration is increased. greater numbers of cells simul- 
taneously release all or nearly all of their K*, cease to ferment glucose. and com- 


mence to decarboxylate pyruvate. 


In an earlier paper from this laboratory" it was shown that low concentrations 


(below 0-:004-0-005 mg surfactant/mg yeast) of benzalkonium ion stimulate oxyge 
consumption at pH 5-5 and inhibit the mechanism responsible for the Pasteur effect. 
At such low surfactant concentrations, membrane permeability as measured by net K 


loss (Fig. 2) is not affected appreciably. The actions of benzalkonium chloride on 


yeast under the given conditions can thus be divided into two concentration zones. 


4 
fe, 
4 
¥ 
ai 
4 . l 9 6 
< 
a 
Der 
I 7. Relations! tassium loss to fermer 
Gslucose conc vas 0-1 M for anaerob 
Yeast, 51 ght), with glucose su 
spensions buffer en in Fig. 1. Potassi 
konium chloride 0-16 mg/g ve 
single experiments. Anaerobic glucose utilization 
a 


Metabolic effects of benzalkonium chloride and its membrane effects in yeast 85 


Zone |: The prelytic zone below 0-004-0-005 (mg surfactant/mg yeast) surfactant 
concentration. In this zone oxygen consumption is increased and the Pasteur mech- 
anism is inhibited,"' but membrane permeability and fermentation are not appreciably 
altered. Zone Il: Above 0:004-0-005 concentration all-or-none responses occur with 
regard to release of K*, inhibition of fermentation, and decarboxylation of exogenous 
pyruvate. In this zone oxygen consumption also declines" but it has not been deter- 
mined as yet whether this measure of metabolism follows an all-or-none pattern. In 
zone II it becomes evident that fermentation of glucose and decarboxylation of pyru- 
vate are directly and inversely correlated, respectively, with the presence of an intact 
cell membrane. The inhibition of fermentation in zone II probably is not the result of 
direct inhibition of fermentation enzymes by surfactant, because direct studies on 
enzyme systems show that much higher concentrations of surfactants are needed to 
inhibit various enzymes than are needed to inhibit cellular metabolism.' It is more 
likely that benzalkonium ion either inhibits glucose transport to the fermentation sites 
or that benzalkonium causes loss from the cell (with consequent dilution) of necessary 
coenzymes or cofactors needed in fermentation. Perhaps both of these factors are 
responsible for inhibition of metabolism. However, alteration of the membrane does 
not necessarily cause release of fermentation enzymes themselves from the cell.” 

The finding that pyruvate is decarboxylated when membrane permeability is affected 
is In agreement with previous findings.'®: ™ It may be suggested that the carboxylase 
enzyme is located in the periphery of the cell, protected from the external medium 
perhaps by the cell membrane alone. In the present studies, however, it was found that 
surfactant did not confer on the cells an ability to metabolize anaerobically glucose- 
|-phosphate, glucose-6-phosphate, fructose-6-phosphate, hexose diphosphate, or 
3-phosphoglycerate. Such findings suggest that penetration of the cell membrane alone 
is not sufficient to bring about metabolism of an intermediate. The inability of sur- 
factant-treated yeast to metabolize the above intermediates under anaerboic condi- 
tions lends support to the contention of Rothstein et a/.!* that the fermentation enzymes 
are in a structure or matrix which is not directly affected by an increase in membrane 
permeability. However, it is possible that loss of other cofactors for fermentation is 
more critical than loss of cocarboxylase needed for decarboxylation of pyruvate. Thus, 
failure to ferment phosphorylated intermediates could be accounted for on this 
basis. 

If the postulated fermentation structures in the cell do exist, there are several possible 
explanations for the finding that pyruvate, but not the phosphorylated intermediates 
tested, are metabolized anaerobically when the membrane is no longer intact. One 
possibility is the inactivation by surfactant of one or more of the enzymes responsible 
for the ultimate conversion of 3-phosphoglycerate to pyruvate. In a preliminary 
experiment in this laboratory the anaerobic metabolism of glucose was inhibted nearly 
100 per cent by treating yeast cells with benzalkonium chloride. The control suspension 
and the surfactant-treated suspension were then alternately frozen and thawed to break 
down further the cell structure. Metabolism in the control and surfactant-treated 
suspensions was then rechecked. The surfactant-treated preparation after freezing 
and thawing exhibited over 50 per cent of the activity of the frozen and thawed control 
preparation. Although such an experiment does not conclusively prove that inactiva- 
tion of the enzymes is not involved in the action of surfactant, it does place such an 
explanation in doubt. Furthermore, if the fermentation structures are well-organized 
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for the best metabolic usage of glucose, it seems unlikely that the interior enzymes 
of the fermentation chain, but not hexokinase or carboxylase at either end of the chain. 
should be inhibited. Two other explanations are at hand: Either carboxylase is not a 


part of the fermentation structure, or a further barrier exists to the penetration of the 
fermentation structure by the phosphorylated intermediates. Experimental evidence 


1S NOt at present available to allow a choice of one over the other. 


icknowledgement—The writer is grateful to Dr. Aser Rothstein of the University of Rochester for 


Suggesting a staining technique for determining the membrane all-or-none response. 
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THE EFFECTS OF DRUGS ON BARBITAL ANAESTHESIA 
IN MICE 


K. J. Cuitp, PATRICIA SUTHERLAND and E. G. TomicH 
Glaxo Laboratories Limited, Greenford, Middlesex 
(Received 12 May 1960) 


Abstract—The effects of drugs on barbital induction time in mice have been examined 
special attention was paid to compounds known to potentiate hexobarbital anaesthesia 
in this species. Brain barbital concentrations at onset of anaesthesia were recorded 
after pre-treatment with reserpine, 5-hydroxytryptamine, chlorpromazine or benacty- 
zine. All four drugs reduce the induction time of barbital anaesthesia without increasing 
its rate of brain penetration. Possible mechanisms of action are discussed. It is suggested 
that the criterion of reduced induction for barbital anaesthesia should not be regarded 
as necessarily indicating an increased permeability of the blood-brain barrier. 


INTRODUCTION 
BuTLer' has shown that the delay in onset of anaesthesia after an intravenous injection 
of barbital results from the hypnotic’s slow rate of penetration into the brain. Prior 
administration of physostigmine halves this induction time by increasing the permea- 
bility of the blood-brain barrier to the barbiturate.? Other workers have since claimed 


2 


that certain enzymes, notably trypsin, chymotrypsin and hyaluronidase,* 
lectomy,*: ® can shorten the induction time of barbital anaesthesia by altering the 
permeability of the blood-brain barrier. We therefore attempted to determine whether 
other drugs that potentiate barbiturates also affect the blood—brain barrier. 


or adrena- 


METHODS 

Male fawn mice (GFF strain, body weight range 16—22 g) were used. 

The induction time for barbital was measured by the method of Greig and May- 
berry.” 

Groups of ten mice were injected intravenously with sodium barbital (5-5 mg in 
0-4 ml/20 g), each injection taking 20—30 sec. The interval between the injection and 
the loss of the righting reflex was taken as the induction time. The experiments were 
conducted at room temperature (approx. 19°C), and groups of mice given barbital 
only were always included, to allow for day-to-day variations in response. 

Brain barbital concentrations were determined by Butler’s method.' Groups of four 
mice were injected intravenously with sodium barbital (5-5 mg in 0-4 ml/20 g) and 
then killed after intervals of 2, 5, 10, 15, 20, 25, 30 and 35 min. The brains from each 
group were weighed together and assayed for total barbital. 


RESULTS 
The changes in barbital induction time produced by pre-treating the mice with 
drugs known to increase the duration of hexobarbital hypnosis in mice are given in 
Table 1; the results in Table 2 refer to a miscellany of pharmacological agents. 
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Barbital induction time 
TABLE |. € HANGES IN INDUCTION TIME OF BARBITAL ANAESTHESIA PRODUC ED 
BY DRUGS POTENTIATING HI XNOBARBITAL HYPNOSIS 


lime Group mean induction time 
Drug Dose Route before (min s.c.)* 
mg/kg) barbital 
(min) Test Control 


S-Hydroxy- 5 intraperitoneal 10 12:7.0:8 
tryplamine 10-0 - 0-6 
7-7 +0-4 


Reserpine intraperitoneal 


Chiorpromazin intraperitoneal 
Benacty 5 intraperitoneal 
SKFS525 

Phenergan 2 intraperitoneal 


Mepyramine intraperitoneal 


Ten animals 


TABLE 2. CHANGES IN INDUCTION TIME OF BARBITAL ANAESTHESIA PRODUCED 


BY VARIOUS DRUGS INTRAPERITONEAI LY 


Time Group mean induction time 
Dose before (min §.c.)” 
(me Kez) barbital 
(min) Test Control 
serine Immediat 21-5 18-4 -0-6 


Amphetamine 


Metrazole 
Nikethamide 


Picrotoxin 


Atropine 


lysergic acid 


Pilocarpine 


Ten animals per group 
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Induction time was significantly reduced (P < 0-001) by pre-treatment with reser- 
pine, 5-hydroxytryptamine, chlorpromazine or benactyzine, but was unaffected by 
SKF.525-A (8-diethylaminoethyldiphenylpropylacetate). The decreases in induction 
time were not associated with increased rates of penetration into the brain by the 
barbital. In fact the brain barbital concentrations at the onset of hypnosis were 
significantly less than that found for control animals (Table 3). The results obtained 


TABLE 3. BRAIN CONCENTRATION OF BARBITAL AFTER PRE-TREATMENT WITH DRUGS 


Brain 
Group barbital 
Drug Dose mean concentration 
(mg, kg) barbital induction at induction 
intraperitoneal (min) time (moles 10-*/g 
(min s.c.)* wet tissue) 


Nil 
5-Hydroxytryptamine 

Reserpine 

Chlorpromazine 


Benactyzine 


* Ten mice per group 


. 


mun after intraver 


Fic. 1. The effect of reserpine on the rate of penetration of sodium barbital into mouse brain 
barbital alone; @ @ barbital 60 min after intraperitoneal reserpine 2-0 mg/kg 


with reserpine are illustrated in Fig. 1. The decrease in induction time produced by 
5-hydroxytryptamine was partially reversed by pre-treatment with lysergic acid 
diethylamide 10 mg/kg i.p. (Table 4). 

Certain analeptics—metrazole, nikethamide and picrotoxin—did not affect barbital 
induction time in small doses, but amphetamine (5 or 10 mg/kg) markedly increased it. 


a 
1-12 
0-4 0-68 
0-4 0-65 
)~0-6 0-79 
c 2-5 30 11-9 0-89 
Sa 
4 
3 
7° 
sodium barbital 275mg/kg 
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Barbital induction time 


TABLE 4. MODIFICATION BY LYS! RGIC ACID DIETHYLAMIDE OF THE REDUCTION 
IN BARBITAL INDUCTION TIME PRODUCED BY SEROTONIN 


Group mean induction time min e.° 


10 min after 
S-hydroxytryptamine 
10 min after 20 mg kg 
after intraperitoneally 
Control §-hydroxytryptamine and | hr after 
20 mg/kg lysergic acid 
intraperitoneally diethylamide 
10 mg ke 
intraperitoneally 


13-2 0-9 
mice per group 


Of the other drugs tested, only the anti-histamines, phenergan and mepyramine 
reduced the induction time 


DISCUSSION 


The results summarized above showed that pre-treatment of mice with reserpine, 


5-hydroxytryptamine, benactyzine, chlorpromazine, phenergan or mepyramine 


reduced the delay in onset of barbital anaesthesia 

With reserpine, 5-hydroxytryptamine, benactyzine and chlorpromazine, the 
reductions were not the result of increased rate of penetration into the brain by the 
barbital, because the brain barbital concentrations at the onset of anaesthesia were 
less than normal. The reduced induction times might have resulted from increased 
sensitivity of the brain cells to barbital or have been reflections of the hypothermia 
produced by these drugs.* 

[he experiments recorded here showed that a decrease in the induction time of 
barbital anaesthesia did not necessarily imply an increased permeability of the 
blood-brain barrier 
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COMPARATIVE EFFECTS OF MONOAMINE OXIDASE 
INHIBITORS ON MONOAMINE OXIDASE AND 
DIAMINE OXIDASE* 


P. A. SHore and V. H. Coun, Jr. 


National Heart Institute, Bethesda, Md 


(Received 13 May 1960) 


Abstract—The effect of several monoamine oxidase (MAO) inhibitors and related com- 
pounds on guinea pig liver MAO and diamine oxidase (DAO) was examined in vitro and 
after administration to animals. The results showed that the MAO inhibitors possessing 
the hydrazine moiety inhibited both MAO and DAO, while two phenylcyc/opropylamine 
MAO inhibitors did not affect DAO. Hydrazine derivatives which did not block MAO 
retained a DAO inhibitory action. After administration of iproniazid to rats, DAO was 


inhibited long after the reported time for the drug to disappear from tissues; this 
finding suggests that the action of iproniazid on DAO, as well as on MAO, is 


“irreversible” 


THE question of the mechanisms involved in the diverse clinical effects induced by 
monoamine oxidase (MAO) inhibitors is an intriguing one. Included among the clinical 
effects are orthostatic hypotension, abatement of anginal pain and an antidepressant 
effect.' In laboratory animals a degree of central stimulation, anticonvulsant and 
sympathomimetic effects have been observed.’ 

The diversity of the pharmacologic effects emphasizes the desirability of a more 
complete knowledge of the actions, other than inhibition of MAO, which might be 
induced by these drugs 

In the present studies we have investigated the effects on diamine oxidase (DAO) 
in vivo and in vitro of a variety of drugs (Fig. 1) including: (a) MAO inhibitors con- 
taining the hydrazine moiety, (b) non-hydrazine MAO inhibitors, and (c) hydrazine 
derivatives which are not MAO inhibitors.+ The experiments demonstrate that the 
hydrazine moiety confers DAO blocking activity, whether or not the molecule also 
blocks MAO activity, while the non-hydrazine MAO inhibitors tested do not block 
DAO. The studies further suggest that the action in vivo of iproniazid on DAO as 
well as MAO is “irreversible”. 


METHODS 

Histamine was estimated fluorometrically by the method of Shore ef a/? and 
serotonin by the method of Bogdanski ef a/.* 

DAO activity was estimated by measurement of the rate of disappearance of 
histamine added to tissue homogenates, while MAO activity was measured in a similar 
fashion by following the disappearance of serotonin. 

* A preliminary report of these findings was presented before a meeting of the American Society 
for Pharmacology and Experimental Therapeutics, Chicago, April, 1960. 


t Iproniazid, isoniazid, Ro 4-1634 and Ro 4-1038 were kindly supplied by Hoffmann-La Roche, 
Inc., and SKF 385 and SKF 556 by Smith, Kline and French Laboratories. 
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Tissues were homogenized in 9 vols. of 0-2 M phosphate buffer, pH 7-2. After pre- 
incubation in a Dubnoff metabolic shaker for 15 min at 37 °C in an atmosphere of air, 
histamine or serotonin was added to make a final concentration of 7-5 ug/ml histamine 


or 12:5 ug/ml serotonin. Samples were removed 20 min later for serotonin assay or 


60 min later for histamine assay. 


NH, O 
Ro 4-1038 HOCH;-CH-—C 


SKF 385 


NH 
Aminoguonidine C-—-NH--NH, 


Fic. 1. Monoamine oxidase inhibitors 


Inhibition of the enzymes in vitro was carried out by addition of inhibitors to the 
homogenates at the beginning of the 15-min pre-incubation period. Homogenates to 
which no inhibitor was added served as controls. The extent of inhibition in vivo after 
intraperitoneal administration of the inhibitors was measured in a similar manner: 
tissue homogenates from untreated animals served as controls. 
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Comparative effects of monoamine oxidase inhibitors on monoamine oxidase 


RESULTS 
Inhibition of DAO and MAO in vitro 
Guinea pig liver was used in these experiments since it is a tissue rich in both MAO 
and DAO. The extent of inhibition of DAO and MAO activities by various concentra- 
tions of the drugs is shown in Table 1. A marked inhibition of DAO was obtained 


TABLE |. INHIBITION OF GUINEA PIG LIVER MAO Anpb DAO jin vitro 


Molar Concentration of Inhibitor 


Inhibitor . 10 10-4 10 10 


MAO DAO MAO DAO MAO DAO = MAO 


Iproniazid 68 0 
Ro 4-1634 100 100 100 0 
Ro 4-1038 100 78 86 39 0 
SKF 385 100 100 9 0 
SKF 4556 87 l 
Aminoguanidine 0 ) ] 0 
Isoniazid 2 3 2 ) 0 


Experiments were performed as described under **Methods”™. Each value represents 
1 average percentage inhibition in from three to six experiments 


with all of the hydrazine derivatives, but not with the phenylcyclopropylamines. 
Conversely, a marked inhibition of MAO was obtained with the phenylcyclopropyl- 
amines and certain of the hydrazine derivatives. Aminoguanidine and isoniazid did 
not inhibit MAO even at high concentrations. 


Inhibition of DAO and MAO in vivo 
Measurement of DAO and MAO activity of liver from guinea pigs treated with the 
various drugs revealed a picture of inhibition (Table 2) very similar to that seen in the 
studies in vitro. All of the hydrazine derivatives caused a marked inhibition of DAO 
TABLE 2. INHIBITION OF GUINEA PIG LIVER MAO AnD DAO in vivo 


hr 24 hr 
Inhibitor 


MAO DAO | MAO DAO 


Iproniazid (100 mg/kg) 100 100 100 
Ro 4-1634 (100 mg/kg) 100 100 100 
Ro 4-1038 (100 mg/kg) 100 100 100 
SKF 385 (3 mg/kg) 100 0 
SKF 556 (20 mg/kg) 2 0 
Aminoguanidine (20 mg/kg) 91 


Isoniazid (100 mg/kg) 


Experiments were performed as described under “‘Methods”’. Each 
value represents the average percentage inhibition in from three to six 
experiments. 
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but only certain of these compounds caused an inhibition of MAO. The phenycyc/o- 
propylamines were highly active in blocking MAO, but were devoid of DAO blocking 


activity 

After administration of 100 or 195 mg of iproniazid per kg, to rats, the activity of 
DAO in the small intestine, the major source of DAO in this species, was strongly 
inhibited for at least 48-72 hr (Table 3). 


TABLE 3. INHIBITION OF RAT SMALL INTESTINE DAO in vivo BY IPRONIAZID 


Time after iproniazid Dose of iproniazid 
(hr) 
100 mg/kg 195 mg/kg 


18 92 
24 77 85 
48 59 67 


Experiments were performed as described under 
“Methods”. Each value represents the average per- 
centage inhibition in from three to six experiments 


DISCUSSION 

It is possible to draw certain conclusions from the experiments with the 
representative compounds described in this paper. 

Hess ef al.*, showed that 24 hr after administration of iproniazid, 195 mg/kg, to 
rats, the drug had essentially disappeared from the tissues, but that inhibition of MAO 
persisted much longer. These results constituted one of the means of demonstration 
of the “irreversible” nature of iproniazid-induced inhibition of MAO. The present 
results demonstrate that iproniazid, which has been reported previously to block 
DAO in vitro,’ inhibited DAO in vivo for at least 48 hr after the same dose used by 
Hess ef ai/.* After only one-half this dose (100 mg/kg), inhibition of DAO activity 
again persisted for at least 48-72 hr. The results are suggestive that DAO as well as 
MAO is “irreversibly” inhibited by iproniazid. 

The data also demonstrate that not only iproniazid, but also other MAO inhibitors 
which contain the hydrazine moiety, can block DAO as well as MAO, in vitro and 
in vivo. Indeed, DAO was blocked in vitro more strongly than MAO by certain con- 
centrations of the MAO inhibitors, iproniazid, Ro 4-1038, and Ro 4-1634. It is note- 
worthy that the hydrazine group need not be in the free or “carbonyl reagent” form 
for blockade of DAO, as might be suspected from reports of inhibition of DAO by 
carbonyl reagents such as semicarbazide.* The present results suggest that inhibition 
of DAO by hydrazine containing molecules does not necessarily proceed by reaction 
with a carbonyl group. 

The absence of DAO inhibition at high concentrations of the potent MAO inhibitors 
SKF 385 and SKF 556 demonstrates that DAO inhibition is not necessarily a corollary 
of MAO inhibition 

A further separation of enzyme inhibitory activity is obtained with isoniazid and 
with aminoguanidine, compounds which long have been known to inhibit DAO.° ? 

The inability of guinea pig liver to metabolize histamine in vitro in the presence of 
aminoguanidine or isoniazid (Table 1), and the unaltered ability to destroy histamine 
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during complete blockade of MAO activity by the addition of SKF 385 or SKF 556 
(Table 1), suggest that guinea pig liver MAO is incapable of metabolizing histamine. 
Similar results were obtained when a homogenate of beef liver was substituted for 
guinea pig liver. The results differ from those of others who used very high substrate 
concentrations (10-* M) and on the basis of manometric measurements reported that 
beef liver MAO could metabolize histamine.*® 


It is of interest that although some of the hydrazine-containing MAO inhibitors 
(Ro 4-1634 and Ro 4-1038) inhibit guinea pig liver DAO more strongly than MAO 
at low concentrations in vitro, the action of these drugs in vivo appears to be more 
rapidly reversed in the case of DAO than MAO, suggesting either a different mode of 
action of the inhibitors or a difference in the rates of enzyme synthesis. 
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STUDIES ON THE MODE OF ACTION OF 
PSICOFURANINE* 
SLECHTA 


Laboratories, The Upjohn Company, Kalamazoo, Michigan 


(Re ceived 29 ipril 1960: revised 23 Vay 1960) 


Abstract —T} ide of action of the antibiotic psicofuranine was studied using / 
n of bacterial growth by psicofuranine was only transitory and the 

ifter an extended lag phase. The inhibitory action of 

ruanine d its derivatives; other purines and 

$ growing in the presence of psico- 

rine synthesis 

> showed a de- 

e in the radio- 

ycine-1-"*C into adenine was 


nversion of hypoxanthine-8-' 


oO 
In ti nr al ns vuranine 
tne resence OF psicoturanine, 


guanine and adenine was inhibited. These 


ranine inhibited the conversion of xanthosine-5’-phosphate 


PSICOFURANINE was isolated from culture media of Streptomyces hygroscopicus var 
yyinine’ and found to possess antibacterial* and antitumor? properties. Its structure 
established as 6-amino-9-p-psicofuranosylpurine’ and it may, therefore, be 
le analogue, containing the anomalous hexose, psicose, 
instead of the normally occurring pentose. Hanka® found that the inhibitory effect 
of psicofuranine on growth of S. aureus could be reversed by guanine, guanosine and 
guanosine-5'-phosphate*? at concentrations of from 5 to 10 ug/ml. Other purines and 
pyrimidines showed some reversal effect at much higher levels. These results led 
Hanka® to the suggestion that psicofuranine interfered with the synthesis of GS’P 
from 
[his communication presents conclusive evidence that in E. coli B, psicofuranine 
inhibits the conversion of XS’P to GS’P 


METHODS 


Cultures of £. coli B were maintained on Difco Nutrient Agar slopes. Bacteria were 
grown in the minimal salts-glucose medium, described by Davis and Mingioli.* In 


the growth experiments, 4 ml of sterile medium were placed into sterile colorimeter 


tubes and each tube was inoculated with 1-2 10’ cells from a liquid medium culture 


* 6-Amino-9-D-psic ranosylpurine 

+ The following abbreviations are used: G5’P, guanosine-5’-phosphate; X5‘P, xanthosine-5’- 
phosphate; inosine-5’-phosphate; AS’P, adenosine-5-phosphate; ATP, adenosine-triphosphate; 
GTP, guanosinetriphosphate 
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grown for 12 hr. The tubes were incubated at 37 °C and growth was followed by 
measuring the light transmittance at 520 mu in a Bausch and Lomb colorimeter. 
Viable cell counts were made by plating | : 10° and | : 10’ dilutions of the cell sus- 
pensions three times each and counting the colonies after 24 hr of incubation. 
Xanthosine, which was excreted into the medium by inhibited cells, was isolated 
and identified in the following manner: After removal of cells by centrifugation, all 
ultraviolet light absorbing material from 1000 ml of growth medium was adsorbed 
on 3 g of activated charcoal (Darco G-60) and eluted with a mixture of 65°, water, 
25°,, ethanol and 10°,, concentrated ammonium hydroxide. Five elutions, 150 ml 
each, were made to recover 98 per cent of the ultraviolet light absorbing material from 
the charcoal. The combined eluates, after filtration through Celite, were evaporated 
to dryness in a rotary flash evaporator at 35°C and the dry crystals were dissolved 
in 10 ml of water containing 0-25 ml of concentrated ammonium hydroxide. The 
solution was poured onto a column of Dowex-! (chloride form, 8-3 cm x 1 cm) and 
the resin was eluted with 0-1 M NH,Cl, adjusted to pH 9-5 with ammonium hydroxide.’ 
The eluate was collected in 10 ml fractions and analyzed for absorption at 260 mu. 
Separation of the components in the eluate from charcoal was also achieved by paper 
For the paper 
rechromatography of the isolated xanthosine and its separation from xanthine, the 


chromatography, using a n-butanol-ammonia solvent system 


isoamyl aleohol-Na,HPO, mixture of Carter® was used. Spots of xanthosine were 
detected by examining the paper chromatograms in ultraviolet light and by spraying 
with a solution of sodium metaperiodate and Schiff’s reagent.'® Free pentose, resulting 
from hydrolysis of xanthosine with | N HCI for 30 min in boiling water bath, was 
detected on paper chromatograms by its reaction with the anilinephthalate reagent of 
Partridge."! 

Experiments with radioactive tracers were made by techniques similar to those of 
Tomisek e7 a/.'*- * Two Erlenmeyer flasks containing 20 ml of washed cell suspension 
in the growth medium (transmittance 20 per cent) were incubated for 30 min at 37 °C. 
Two milligrams of psicofuranine in | ml of water were added to one flask. The control 
flask received | ml of water. The incubation was continued for 10 min, after which 
radioactive substrates were added to both flasks. The cells were allowed to assimilate 
the added radioactive compounds for 10 min and their metabolism was stopped by 
pouring the cell suspension onto 10 g of ground ice in a 50 ml centrifuge tube. Cells 
were sedimented by centrifugation at 0 °C and washed twice with 2 ml of ice-cold 
physiological saline. The sedimented and washed cells were then hydrolyzed for 
60 min in 3 ml of | N HCI in a boiling water bath. This treatment liberated the purine 
bases from nucleic acids and nucleotides. The resulting suspension was centrifuged 
at 10,000 = g for 10 min and the sedimented residual proteins were washed twice with 
1 ml of water and dried in vacuo. The washings were combined with the original 
1 N HCl extract and dried in vacuo over NaOH. The dry residues were dissolved in 
0-2 ml of water. Separation of adenine, guanine, hypoxanthine and xanthine in this 


solution was achieved by two-dimensional paper chromatography,"* using isopropanol- 
HC!" as the first and n-butanol-NH, * as the second solvent system. Since the bacteria 
in the amount used did not contain enough hypoxanthine and xanthine to permit 
their detection by ultraviolet light absorption, carrier hypoxanthine and xanthine 
were applied on the chromatograms prior to the extracts. Purines were eluted from 
the paper with 5 ml of 0-1 N HCl and their absorption spectra determined in a 
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recording spectrophotometer (Cary, model 11). Aliquots of the eluates were taken for 
determination of radioactivity. Owing to the short incubation period, no spectro- 
photometrically demonstrable increase in total adenine and guanine concentration 
was observed after quantitative elution of the respective spots. Therefore, the radio- 
activity measurements were calculated as counts per minute in each purine and 
comparison was made by expressing the counts in each individual purine as percentage 
of the total radioactivity in the four purine bases. Specific activities of adenine and 
guanine were calculated after quantitative elution of the respective spots on paper 
chromatograms with 0-1 N HCl and measurements of ultraviolet light absorption 
at 260 mu for adenine and at 250 mu for guanine. The extinction coefficients used 
were those given by Wyatt." Location of the spots on the paper chromatograms 
was also detected by radioautography. Developed chromatograms were left in contact 
with Kodak no-screen X-ray film for a period of from 2 to 3 weeks 

Radioactive carbon ("'C) was measured in a Packard tri-carb liquid scintillation 
spectrometer. The counting solution was a mixture of toluene and absolute ethanol 
(7:3) with 0-4°, 2 : 5-diphenyloxazole and 0-01 | : 4-di-[2-(5-phenyloxazolyl)] 
benzene as the phosphors. Protein was determined by the optical method of Warburg 
and Christian 

Glycine-1-"C (1 mg), hypoxanthine-8-"C (5-4 yuc/mg) and xanthine-8-"C 
(1-6 wc/mg) were purchased from Volk Radiochemical Company and used without 


dilution. Adenine, guanine, hypoxanthine, xanthine, guanosine and xanthosine were 


products of Nutritional Biochemical Corporation. The other purine and pyrimidine 


derivatives were purchased from California Corporation for Biochemical Research 


Xanthosine-5'-phosphate was synthesized from guanosine-5’-phosphate by diazotation 


and hydrolysis of the diazonium compound."’: !* 


RESULTS 


Growth curves of £. coli B in the presence of increasing concentration of psico- 


furanine are shown in Fig. |. It may be seen that with increasing concentrations of 


Fic. 1. Growth curves of £. coli B in the presence of increasing concentrations of psicofuranine. 
Concentrations of psicofuranine per ml: | 0; 2 5 wg; 3 10ug; 4 50 wg; 5 75 ug; 6 
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psicofuranine a longer lag phase occurred before the onset of growth. With relatively 
low concentrations of the antibiotic (5-10 ug/ml) the cells eventually overcame the 
inhibition completely and grew at the same rate as the control cells. With higher 
concentrations of psicofuranine, the growth rate during the logarithmic phase was 
inhibited, the extent of inhibition being dependent on the concentration of the 
inhibitor. When psicofuranine was added to a growing culture of FE. coli B at the 
beginning of the logarithmic phase in the concentration 100 .g/ml, which was in- 
hibitory to the inoculum for at least 7 hr (Fig. 1), it produced only a partial inhibition 


of growth, as shown in Fig. 2. Microscopic examination of cultures growing in the 


Fic. 2. Effect of psicoturanine on bacterial growth when added at the ‘ginning of the logarithmic 


phase of growth, measured by light transmittance of the cell s ispension and by viable cell counts 


Two test tubes with 4 ml of mediu ‘re inoculated with 2 10° cells and at the time indicated by 
the arrow psicofuranine (100 »g/ml) was added to one test tube From thi omt on, samples were 


leasurements; B viable 


taken for the viable cell count determination. A light transmittance 


added psicofuranine 


cell counts; curve | without psicofuranine; curve 2 with 


presence of psicofuranine failed to reveal any elongated or filamentous forms of the 
cells. Viable cell counts, determined in the experiment shown in Fig. 2, confirmed that 
light transmittance measurements were indeed measurements of the growth of the 
bacterial population. 

Attempts to prevent the inhibitory effect of psicofuranine on the growth of E. coli B 
by purines, pyrimidines, and their derivatives are summarized in Table 1. The data 
show the striking superiority of guanine and related compounds over the other 
substances in their ability to abolish the effect of psicofuranine. Results of a detailed 
reversal study with guanine, present in the medium in the concentration range from 
0 to 10 ug/ml, are shown in Fig. 3. Similar results were obtained with guanosine and 
GS’P as reversing agents. 

Excretion of an ultraviolet light absorbing substance into the medium by cells 
growing in the presence of psicofuranine was noticed when the absorption spectra of 
the growth medium with 100 ug/ml of the psicofuranine were determined at zero time 
and after 24 hr of incubation; at this time the bacterial growth was identical with the 
maximal growth of the control. Both spectra are reproduced in Fig. 4. Subtracting 
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TABLE |. PREVENTION OF THE INHIBITORY ACTION OF PSICOFURANINE (100 ug/ml) ON 
THE GROWTH OF E&. coli B BY PURINES AND PYRIMIDINES PRESENT IN THE MEDIUM 
(The growth was measured after 8 hr.) 


rsing compound (10 «g/m!) Growth in of the control 


ANINE , wg 
Fic. 3. Prevention nhibitory action of psicofuranine on growth of £. coli B by guanine. Con- 
centration of psicof e was 100 ug/ml. The concentrations of guanine in the medium ranged 


rom 0 to 10 we mi. Growth was measured after 8 hr 


the original spectrum at zero time from the final one after 24 hr, a difference spectrum 


was obtained which closely resembled that of xanthosine. No ultraviolet absorbing 
materials were excreted into the growth medium by the control cells. Isolation and 
identification of xanthosine was made from 1000 ml! of growth medium of an inhibited 
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Fic. 4. Accumulation of an ultraviolet light absorbing material in the growth medium by cells growing 


in the presence of psicofurantr iltraviolet light absorptior ectrum of the medium with 100 pg 


of psicofuranine per mi at the Dbeginnin ¢ growth experiment (Ohr); B, ultraviolet light absorption 


spectrum of the medium after 24 hr of incubation. Media were diluted | : 10 with H,O 


culture by charcoal adsorption and column chromatography of the charcoal eluate 
on Dowex-1. The elution pattern from the column is shown in Fig. 5. Component A 
was identified as psicofuranine and component B as xanthosine. Paper chromatography 
of the charcoal eluate in the n-butanol—-NH, solvent system revealed only two spots: 


that of psicofuranine with R 0-18 and that of xanthosine with R, = 0-02. Identity of 


xanthosine was established by the following criteria: ultraviolet light absorption 
spectrum in 0-001 N HCl and in | N NaOH; paper chromatography in the isoamyl 
alcohol-Na,HPO, system; hydrolysis with | N HCl and identification of resulting 
xanthine and ribose by paper chromatography. A control sample of xanthosine was 


30 40 
NUMBER OF FRACTIONS 


Fic. 5. Separation of psicofuranine and xanthosine on Dowex-!. The column was eluted with 0-1 M 


NH, Cl (pH adjusted to 9-5 with NH,OH). Peak A psicofuranine; peak B = xanthosine. 
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analyzed simultaneously and no discrepancy in the properties of the two substances 
was found. 

The effect of psicofuranine on the synthesis de novo of purine bases in E. coli B 
from glycine-!-"C is summarized in Table 2. It may be seen that in the presence of 
psicofuranine, the synthesis of the purine ring, measured by the incorporation of 
radioactive carbon from glycine-1-"C, was inhibited by 31 per cent and the distribu- 
tion of the isotope between the four purine bases was changed. While the percentage 
incorporation of the isotope into adenine remained practically unchanged, a significant 
decrease in the radioactivity of guanine, together with an increase in the radioactivity 
of xanthine was observed. Table 2 also shows that the incorporation of glycine-1-"C 
into proteins was only slightly inhibited in the presence of psicofuranine under these 
experimental conditions. Table 3 shows the effect of psicofuranine on the conversion 
of hypoxanthine-8-"C into other purines in £. co/i B. The results are analogous to those 
obtained when glycine-1-'C was used as tracer. The percentage radioactivity incorpor- 
ated into adenine was the same as the control, the radioactivity of guanine was de- 
creased and the radioactivity of xanthine increased, both to an extent comparable to 
the previous experiment. Conversion of xanthine-8-"C into other purines was studied 
similarly and the results are shown in Table 4. In this case, the conversion of xanthine 
to both adenine and guanine was inhibited by the presence of psicofuranine 


DISCUSSION 


The last stages of the biosynthesis of purine bases at the nucleotide level'®: ? 


are 
schematically shown below 
adenylosuccinate adenosine-5’-phosphate 
inosine-5'-phosphate 
xanthosine-5'-phosphate guanosine-5'-phosphate 


Ihe reversal of the inhibitory action of psicofuranine on bacterial growth specific- 
ally by guanine and its derivatives, the other purines and pyrimidines being ineffective 
in this respect, could indicate the inhibition of G5’P synthesis from X5’P. Detailed 
experiments with guanine in concentrations varying from 0 to 10 »g/ml showed 
(Fig. 3) that with 5 «g/ml of guanine, a complete reversal of the inhibition by psico- 
furanine was achieved and larger amounts of guanine in the medium had no additional 
effect on growth. When the nutritional requirements of the purineless mutant E£. coli 
B-96 (obtained from Dr. S. Friedman, New York Medical College, New York) were 
examined, it was found that 7-5 «g of guanine per ml ensured maximal growth 
Burton*® in his work with this mutant supplemented the medium with 7 pg/ml of 
guanine. Considering that (a) in the mutant, the added guanine must also provide 
for the adenine requirements of the cells and that (b) the postulated block in the 
synthesis of GS’P might not be absolute, then the two figures (5 «g/ml with inhibited 
cells and 7-5 «g/ml with the mutant) are in reasonable agreement. Additional support 
for the assumption that psicofuranine inhibited the amination of X5’P * comes from 
the observation that the cells growing in the presence of psicofuranine excreted 
xanthosine into the medium. Accumulation of xanthosine in the medium was re- 
ported by Magasanik and Brooke*® with an Aerobacter aerogenes mutant which 
specifically lacked the X5’P aminase. Apparently, the cells disposed of the accumulating 
X5’'P by excreting it as the nucleoside. It is probable that other nucleotides are also 
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excreted as nucleosides, since Friedman and Moat* found accumulation of 5- 
aminoimidazole riboside and inosine in the medium by biotin-deficient yeast. 

The data obtained with glycine-1-“C and hypoxanthine-8-“C as isotopically 
labeled precursors of adenine and guanine are entirely in agreement with the assump- 
tion that psicofuranine inhibits the amination of X5’P to G5’P. The percentage 
distribution of the radioactive carbon from both tracers (Tables 2 and 3) into the 
purine bases showed a decrease in the radioactivity of guanine with a simultaneous 
increase in the radioactivity of xanthine; the radioactivity of adenine remained the 
same. However, the total synthesis of the purines was inhibited (31 per cent in the 
glycine-1-"C experiment and 42 per cent in the hypoxanthine-8-"C experiment) 
and this was reflected in the specific activities of both adenine and guanine. It may be 
noted that the decrease in specific activities of guanine was considerably larger than 
the decrease in the specific activities of adenine. This result lends support to the sugges- 
tion made by Magasanik® that the relative concentrations of ATP and GTP control 
the synthesis of AS’P and GS’P, respectively, from the common precursor I5’P. 
ATP has been shown to participate in the amination of X5’P to GS’P “ and to inhibit 
the reductive deamination of GS'P to I5S’P. * On the other hand, GTP is required for 
the condensation of IS’P with aspartic acid to adenylosuccinic acid, an immediate 
precursor of AS’P. ** Consequently, the inhibition of G5’P synthesis would result in a 
decrease in GTP level and a subsequent decrease in the synthesis of A5’P. The data. 
showing decreases in the specific activities of adenine and guanine, are in harmony 
with this theoretical conclusion 

The data obtained with xanthine-8-“C (Table 4) again showed that in the presence 
of psicofuranine, the synthesis of GS’P was inhibited with the resulting accumulation 


of X5'P. The percentage incorporation of the isotope into adenine in the presence and 


absence of psicofuranine followed that expected from the properties of the isolated 


enzymes, I5'P dehydrogenase** and X5’P aminase.** Both enzyme reactions are 
practically irreversible and therefore the conversion of X5’P to AS’P must be via 
GSP, followed by reductive deamination to [5’P.%* condensation with aspartic acid 
and hydrolysis to AS’P. Thus the inhibition of X5’P aminase by psicofuranine should 
not only decrease the conversion of xanthine-8-"C to guanine but also the subsequent 
conversion to adenine. The relative radioactivities of adenine (37-6 per cent in the ab- 
sence and 18-5 per cent in the presence of psicofuranine) agreed with this interpretation. 
Magee and Eberts*® studied the effect of psicofuranine on the incorporation of 
glycine-1-"C into the purines and proteins of the Walker carcinoma of the rat They 
observed decreases in specific activities of adenine and guanine comparable to those 
found in £. coli B (Table 2) and a pronounced decrease in the specific activity of the 
proteins. As Table 2 shows, no marked change in the specific activity of proteins in 
E. coli B was noted in the presence of psicofuranine. This apparent difference between 
the tumor and the microbial system can be explained by the fact that the bacterial 
suspension used was more concentrated (transmittance 20 per cent) than the culture 
at the maximal growth (transmittance approximately 30 per cent). Thus, no growth 
was possible and presumably only exchange reactions between the labeled glycine and 
the protein were taking place. 
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Abstract—The our growth inhibitory activity and toxicity of a number of alicyclic 


imino acids ited compounds has been investigated. Compounds studied include 
amino acid es of propane, cyclobutane, cyclopentane, cyclohexane, cyclo 
heptane, and octane. Significant anti-tumour activity was only exhibited by J 
compounds ¢ related to 1l-aminocyclopentane-|-carboxylic acid. The pharma 196C 


cological properties of a number of the compounds examined are discussed 


INTRODUCTION 


[HE tumour growth inhibitory activity of l-aminocyc/opentane-|-carboxylic acid 


has been briefly reported.! Some pharmacological, toxicological, and anti-tumour 


Properties of a series of derivatives and analogues of this active cyclic amino acid 


are dealt with in the present communication. The preparation and chemical properties 


of the new compounds examined have been reported elsewhere.” 


EXPERIMENTAI 


Materials 


All compounds tested were synthesised in our laboratories. We are indebted to 
Dr. Howard Bond of the Cancer Chemotherapy National Service Center of the 


National Institutes of Health, Bethesda, U.S.A.. for making available an extra supply 


of l-aminocyc/opentane-|l-carboxylic acid. For the biological tests the compounds, 


unless otherwise stated, were administered to the rats by the intraperitoneal route 


and were dissolved in water or suspended in arachis oil 


Animals and diets 


Male and female rats from an inbred Wistar colony were used. Their normal food 
consisted of “rat cake”, a commercial product of the following composition: 


108 


- 
* 
7 
ng 
— 
an 


Tumour growth inhibitory activity of 1-aminocyclopentane-|-carboxylic acid 


Fine bran 

Ground wheat 
Sussex ground oats 
Ground maize 
Ground barley 
White fish meal 
Meat and bone meal 
Dried skimmed milk 
Dried yeast 

Salt 

Cod liver oil 


In some toxicity experiments animals were fed on a “soft mash” diet consisting of 


Water-soaked bread 
Milk powder 
Casein 

Bemax 

Bran 

Dried yeast 


Salt 
Cod liver oil 


Chalk 


5, 10 and 20 per cent protein diets were also used in some tests.* 

The animals undergoing the Walker tumour tests were maintained on a varied 
diet which has been used routinely in our animal colony for many years. Over a 
7-day period they have “rat cake’ on two non-consecutive days and on other days 
have bread and milk, bread and margarine, bread and marmite, bread and cod liver 
oil, and oats. 


Toxicity determinations 

Preliminary toxicity tests were carried out on groups of three female rats. The 
animals were about 6-7 weeks old and weighed about 200 g. They were fed on rat 
cake diets only and the compounds were administered intraperitoneally in water 
except where otherwise stated (see Tables 1-6). Each animal was weighed daily for at 
least 4 days before injection of a test compound. Weighing was continued for a 
further 12-14 days and the growth curve plotted. Weight loss (L,) was assessed as 
described by Elson* by comparing the actual weight reached with that which would 
have been attained if the animal had continued its pre-injection steady rate of growth. 


* The composition of the 5 per cent protein diet is: casein 5 per cent, starch 85 per cent, Bemax 
2:5 per cent, margarine 5 per cent, chalk 0-5 per cent, Salt mixture | per cent, Cod liver oil 1 per cent 


For the 10 and 20 per cent protein diets the casein is increased by 5 and 15 per cent and starch reduced 
by the corresponding amomnts. 


109 
— 
4 17-4 
17-4 
17-4 
7 
4-8 
9-6 
14-0 
1-2 
0-4 
: 
75-0 
6°0 
c 
960 4-0 
3-0 
1-0 
1-0 7 
_ 
y 


110 lr. A. Connors, L. A. Etson, A. Happow and W. C. J. Ross 


__Post- -mortem examinations were carried out on animals which died and on sur- 
vivors killed after the 12-15 d: ty test period. Histological examinations were made on 
sections of various organs in some cases. 


Tumour inhibition experiments 

The tests for inhibition of Walker rat carcinoma 256 were carried out on male 
rats essentially as described by Haddow er a/..* 6 animals being used in each of the 
control and test groups. Treatment was started on the day following implantation 
of the tumour and except where otherwise stated (see Tables 1-6) the compounds were 
injected intraperitoneally in aqueous solution or occasionally suspended in arachis 
oil. A few experiments have also been carried out with oral administration of aqueous 
solutions. In assessment of the degree of inhibition the ratio C/T refers to the total 
weight of the tumours of the control group divided by that of the treated group when 
the animals are killed and the tumours dissected out and weighed: this is usually 


~ 


done 10 - 12 s after implantation. 


Blood couni 

Serial blood counts have been carried out on rats treated with l-aminox vclopentane- 
l-carboxylic acid (CB 1639). Blood was taken from a tail vein direct into the pipette 
m which it was diluted in the usual manne Haemoglobin was estimated photo- 
colorimetrically on a suitably diluted solution 


RESULTS 

Tumour growth inhibition and toxicity 

Table | shows toxicity data and activity against the Walker rat carcinoma 256 ofa 
series of alicyc “amino acids, in which the ring size has been varied from 3 to 
8 carbon aton fumour growth inhibitory activity has only been shown by the 
cyclopentane derivative (CB 1639) which is also the most toxic compound of the 
Series 

Although ; igle dose of 250 mg of CB 1639 per kg caused prolonged growth 
inhibition in normal rats this dose had no appreciable effect on tumour growth. Six 
consecutive daily doses of 125 mg/kg started on the day following implantation and 
given either intraperitoneally or by forced feeding caused definite inhibition of the 
growth of the tumour: this effect was still apparent, though less marked, with a dose 
of 75 mg/kg given similarly during 8 days. In one experiment the transplanted Walker 
carcmoma was allowed to grow for 7 days before treatment began: no inhibition of 


growth occurred when a dose of 75 mg/kg was given on the 6 following days. 
CB 1639 also checked the growth of the more resistant Crocker sarcoma 180 in the 


mouse. A C/T ratio of 5:7 was obtained in groups of 5 animals—the treated animals 
receiving five daily injections of 2 mg per 25 g mouse of amino acid in 0-2 ml of water. 
The compound was toxic to mice at double this dose. When C Bagg Albino mice 
bearing a first transplant from a C* mouse mammary tumour were treated with 
elevea doses of 2 mg of CB 1639 per mouse given on alternate days a C/T ratio of 
2°85 was obtained 

Table 2 shows the results obtained with a few ring substituted derivatives of the 
cyclopentane and cyclohexane amino acids. The introduction of a carboxyl group 
into CB 1639 leads to the lowering of toxicity but also to the loss of anti-tumour 
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activity. The compound obtained by fusing a benzene ring on to the molecule of 
CB 1639—1l-amino-2 : 3-benzcyc/opentane-l-carboxylic acid (CB 1696)—shows 
inhibitory activity of a very low order. No activity was shown by the methyl or benz- 
substituted cyclohexane amino acids. 

Having established the unique character of the five-membered ring system it was 
then of interest to decide whether the cyclic structure was of importance—it will be 
realized that this work began as an investigation into a-substituted non-cyclic amino 
acids.’ Accordingly compounds were examined (Table 3) which represented ring 
opening between C, and C, (CB 1688), C, and C, (CB 1685), and between C, and 
C, (CB 1686). Only the last compound showed any inhibitory activity and this was of 
a low order compared with the cyclic compound. A compound (CB 1653) in which 
ring closure of the five carbon chain was effected between C, and C, also showed 
slight anti-tumour activity. A single dose of 250 mg/kg of CB 1653 caused significant 
weight loss in the normal rat. 

As it had now been established that appreciable activity was only associated with 
the cyc/opentane structure numerous derivatives of CB 1639 were next examined 
(Table 4). Since there is evidence® that the anti-metabolic activity of an amino acid 
analogue can be enhanced by incorporation into a peptide structure the preparation 
for test of two glycine and two phenylalanine peptides of l-aminocyc/opentane-|- 
carboxylic acid was attempted.” Both glycine peptides (CB 1659 and CB 1668) showed 
activity comparable with that of the parent amino acid and were considerably less 
toxic. On the other hand, the phenylalanine peptide (CB 1677) and the corresponding 
cyclic dipeptide (CB 1690) showed no activity. A glycine peptide of cyclopropylalanine 
(CB 1706) was inactive against the transplanted tumour though this peptide retained 
the ability possessed by the parent acid (CB 1653) to retard the growth of the normal 
rat. 

A number of derivatives of l-aminocyc/opentane-l-carboxylic acid which could 
readily yield the amino acid in vivo was studied: it has been established that derivatives 
of cytotoxic agents with so-called latent activity® are often of interest since they 
constitute a transport form with physical properties differing from those of the parent 
agent. Three esters which would hydrolyse at different rates to give the amino acid 
were examined. The most readily hydrolysed methyl ester (CB 1704) proved to be the 
most toxic and the more stable isopropyl ester (CB 1708) the least toxic. In general 
there appeared to be no particular advantage in using the esters of CB 1639 as far as 
tumour growth inhibition was concerned. 

Two amides, in which the carboxyl group (CB 1705) or the amino group (CB 1709) 
were masked, were tested. The compound containing the free amino group was more 
toxic and exerted the greater effect on the tumour. Derivatives possessing a free 
amino group often show greater activity as indicated by the retention of activity in 
the glycine peptides and in similar peptides of melphalan.’ It has been shown® that 
some hydantoins are hydrolysed in vivo to give the corresponding amino acids and 
accordingly the spirohydantoin (CB 1683) and the intermediate hydrolysis product 
(the ureido acid, CB 1702) were examined. These compounds proved to be ineffective 
and it can be assumed that no significant amounts of the amino acid were, in fact, 
formed. 

The importance of the five-membered ring structure for anti-tumour activity 
prompted a consideration of differences between 1-aminocyc/opentane-|-carboxylic 
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acid and closely related but mactive homologues. One metabolic pathway followed 
by a-amino acids involves oxidation and reversible amination processes thus 
H 


COOH 2H C-—COOH H,O CO-—-COOH NH, 


NH, NH 


This pathway ts not available for a-substituted a-amino acids since the formation of 
the imino acid is precluded. However §-oxidation, such as occurs with linear fatty 
acids, can proceed and by this route CB 1639 (1) would give the cyclic keto acid (ID) 
© 
CH,.COOH COOH 
COOH COOH 


NH, 

(Il) (111) 
Ring fissior (11) should proceed readily to give a-aminoadipic acid (II1), a 
compound which accumulates du mal lysine metabolism.” There is reason 
ohexane would less readily 
e three- and four-membered 
common amino acids, aspart id and glutamic acid, respectively 
hc property of l-amino. pentane-l-carboxylic acid led to the 


however proved to be ineffective 


tion products of CB 1639 are cyvclopentylamine, formed 


-ene-l-carboxyvlic acid, formed bv the 


‘ly toxic (Table 5) but at a tolerated 

e-l-carboxylic acid was also 

erated when given in aqueous 

growth. It was felt that the 

ated with the local formation 

uncommon with unsaturated 

adily converted into the 

boxvlic acid (an isostere of CB 1639) 

“amino-acid loses ammonia even 

more readily than the tertiary a-amino-acid. The hydroxy-acid (CB 1693) was quite 

toxic and wed tumour growth imhibitory activity of a low order. 1-Aminocyclo- 

pentane-2-carboxylic acid (CB 1713) showed no appreciable anti-tumour activity 

but liver congestion and adhesions were observed in treated animals. Recently it has 

been shown that the amino-acid (CB 1713) which was submitted for test was the 
‘rans-isomer.!* 

Table 6 lists some miscellaneous compounds examined in the course of this work 
None of these substances caused inhibition of the growth of the transplanted tumour, 
but there was evidence that several of the hydantoins caused retardation of growth in 
normal rats 

As the work progressed it became apparent that only compounds closely related 
to l-ammocyc/opentane-!-carboxylic acid were effective as tumour growth inhibitors 
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and in order to obtain information about the mode of action a more detailed study 
of the effects produced by this compound was undertaken. 


Pharmacological investigations of \-aminocyclopentane-\-carboxylic acid (CB 1639) 
(a) Haematological effects. In preliminary haematological tests a single dose of 

S50 mg/kg of CB 1639 dissolved in water was administered by intraperitoneal injection 

to 4 male rats. This dose proved to be toxic as 3 rats died within 9 days of the 


injection. The weight and blood response curves of the survivor together with those 


of one of the animals which died on the ninth day after treatment are shown in Fig. | 
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Fic. |. Effect of CB 1639 (750 mg/kg i.p.) on the weight and blood of male rats 
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The greatest effect is seen to be on the neutrophils which in both cases had completely 
disappeared from the circulation by the sixth day. In the case of the survivor small 
numbers of neutrophils began to reappear in the peripheral blood on the twelfth day 
and the numbers gradually increased until normal values were again attained about 
30 days after the original injection. In the 3 animals that died no reappearance of 
neutrophils was observed, and the other blood elements all fell precipitously until 
death ensued 

At post-mortem of the rat dying at 9 days, only slight pathological changes related 
to the thrombocytopenia were observed. Superficial lymph nodes showed only 
minimal evidence of haemolymph change and there were a few small petechial 
haemorrhages in the skin. The adrenal glands were very dark and haemorrhagic. 
The main cause of death, however, was probably haemorrhage in the stomach which 
was filled with fresh blood and showed inflammation and haemorrhage in the pyloric 
portion. The thymus was small; heart and lungs appeared normal. 
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FiG. 2. Blood response pattern in male rats to CB 1639 (200 mg/kg i p.) 


Following this experiment, blood counts were carried out on 4 male rats treated 
with a non-lethal dose (200 mg/kg intraperitoneally). This dose caused some weight 
loss for a few days after the injection (L, = 35 g) but no other obvious detrimental 
effects. Figure 2 shows the percentage change from normal for lymphocytes, neutro- 
phils, and platelets in the circulating blood. The curve represents the mean values 
from 4 rats. Again the main effect is on neutrophils which fall to 20 per cent of 
their normal value in about 7 days after the single injection of CB 1639. Recovery is 
then steady and normal values are regained after a further 8 to 10 days. 
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(b) Growth inhibition and toxicity. The most marked physiological effect of 
1-aminocyc/opentane-1-carboxylic acid (CB 1639) is a prolonged inhibition of growth. 
This appears to be largely, though not entirely, due to loss of appetite and reduced 
food and water intake. Figure 3 shows the effect of CB 1639 (375 mg/kg administered 
intraperitoneally) on the weight of 6 female rats maintained on a “hard” rat cake 
diet and on nine fed a “soft mash” diet. On the rat cake diet all animals began to lose 
weight rapidly following the injection. One animal started to regain weight after 6 


days and at post-mortem examination after 21 days showed no sign of stomach ulcers 
The other 5 rats continued to lose weight steadily until death occurred 16-17 days 
after the injection. The rats which died all showed areas of haemorrhage and ulceration 


in the stomach. On the other hand, of the 9 animals fed the soft mash diet only one 
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Fic. 3. Effect of CB 1639 (375 mg/kg i.p.) on the weight of female rats maintained on “‘rat cake” 
and “soft mash” diets. 


showed a prolonged weight loss and stomach lesions. The other 8 rats showed 
relatively little weight loss and when examined at post-mortem after about 20 days 
they were free from stomach ulcers. 

Some effects of the nature of the food offered on the quantities consumed are 
illustrated in Fig. 4. This shows the weight of food eaten by 2 male rats injected 
with CB 1639. A moderate amount of semi-soft food (bread) was eaten, but when this 
was replaced by “hard” dog biscuit, which is eaten readily by normal rats, only a 
small amount was consumed on the first day and it was refused on the next day. The 
soft mash diet given on the following 3 days was eaten in quantity but the dog biscuit 
was again refused when offered during the next 2 days. Subsequently both “mash” and 
bread were accepted. It is known that controls within the central nervous system, 
particularly within the hypothalamus are essential for the normal regulation of 
spontaneous food and water intake and some of the effects of 1-aminocyc/opentane- 
carboxylic acid might be due to a direct action on the hypothalamus. However, some 
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experiments carried out by Dr. D. G. Montemurro failed to demonstrate histologically 
that the effects of CB 1639 were caused by any primary cytotoxic action of the drug on 
the neurones of the lateral hypothalamic and medial subthalmic areas of the pituitary 


gland 
Although at first sight it may appear from these observations that the hard or 


soft nature of the food may be of primary importance in determining the toxicity of 
CB 1639 this simplified view is not supported by an experiment in which the rats were 


Fic. 4. Effects of the nature of the food offered on the quantities consumed by rats treated with 


CB 1639 (375 mg/kg i.p) 


fed the rat cake in a powdered form made into a “mash” with water. The weight loss 
and survivals of the animals on this diet did not differ from that of those fed rat cake 
in its normal “hard” form 

Figure 5 shows the survival times of female rats treated with CB 1639 (375 mg/kg) 
maintained on “semi-soft” diets containing 5, 10 and 20 per cent protein in the form 
of casein. The lowest survival time and earliest deaths occurred in the animals on the 
lowest (5 per cent) protein diet whilst the best survival was obtained on the highest 
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(20 per cent) protein diet, although this rate is not nearly as good as can be obtained 
in animals receiving the same dose of CB 1639 and maintained on the “soft mash”’ 
diet (Fig. 3) 

To investigate the question of what constituent of the “soft mash” diet might be 
mainly responsible for its beneficial effect comparative experiments were carried out 


NUMBER OF 
RATS 


SURVIVING 


i6 20 22 24 
DAYS 
5 % PROTEIN 
10% PROTEIN 
—— 20% PROTEIN 
Fic. 5. Survival of female rats treated with CB 1639 (375 mg/kg i.p.) maintained on 5, 10, and 20 


per cent protein diets 


with diets of “soft mash’’, “soft mash” without milk powder, water-soaked bread 


alone, and water-soaked bread with the addition of milk powder. The results are 


given in Fig. 6. These were carried out on male rats using a dose of 375 mg/kg. The 


survival on the soft mash diet is not as good as with female rats treated with the same 
dose of CB 1639 (Fig. 3) but 5 out of the 10 animals survived on this diet whils 
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NUMBER OF 
RATS 


SURVIVING 


BREAD SOAKED WITH WATER 
“SOFT MASH WITHOUT DRIED MILK 
—— “SOFT MASH” 


FiG. 6. Survival of male rats treated with CB 1639 (375 mg/kg i.p.) maintained on diets of bread 


soaked with water, “soft mash” without dried milk, and “‘soft mash”. 


there was only one survivor in the group receiving the mash without the addition of 
milk powder. The bread soaked with water proved to be a very poor diet as all the 
rats died within 7 to 12 days of the injection of CB 1639. 

All rats dying in these groups showed signs of stomach lesions ranging in severity 
from small haemorrhages to large ulcers. The protective effect of the diet may be 
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mainly concerned in modifying the severity of these lesions. Obviously a high protein 
content is of considerable value, but the mere protein content is not the determining 
factor. It would seem that a “gastric ulcer diet” of soft consistency and a high milk 
content offers the best protection. 

The course of development of stomach lesions in rats receiving CB 1639 is being 
investigated by pathological and histological examination of the stomachs of rats 
at frequent intervals after a single intraperitoneal dose of the compound. These 
results will be published elsewhere. 


DISCUSSION 


Of all the compounds tested for tumour inhibitory activity only CB 1639 and its 
ester and peptide derivative showed marked activity. Inhibition of the growth of the 
Walker carcinoma 256 and some inhibition of the growth of the transplantable mouse 
sarcoma 180 and of a transplantable mammary tumour in C~ Bagg albino mice was 
demonstrated 

These results are similar to those obtained by Ross et a/." using the mouse tumours, 
sarcoma 180, carcinoma 755, and the leukaemia L 1210. Only CB 1639 and its simple 
derivatives were effective inhibitors and of these tumours the carcinoma 755 showed 
the greatest response. Marked tumour inhibition is, however, only obtained with 
doses which cause a considerable body weight loss to the animal. 

The tumour growth inhibition, however, cannot be attributed entirely to the general 
toxic action or body growth imhibitory action of the compound. For instance, cyclo- 
pentylamine (CB 1689) is more toxic than CB 1639 but exhibits no inhibitory action 
on the Walker tumour 

The influence of nutritional status on the growth of Walker rat carcinoma 256 has 
been investigated by Walpole™ who concludes that while compounds which interfere 
with body growth may be expected to inhibit tumour growth as a result of their 
general “toxic” action, this inhibition is unlikely to exceed that which would result 
from underfeeding at a comparable level. Underfeeding at the level required to prevent 
any increase in mean gross weight of the rat inhibits tumour growth by about 40 
per cent. Reduction of food intake to only 3 g per rat per day, which resulted in about 
16 per cent loss of body weight over 14 days led to about 60 per cent inhibition of 
tumour growth—in our method of assessing tumour growth inhibition this would 
correspond to a C7 ratio of about 2-5. Elson and Haddow" and Elson" found that 
maintaming rats on a 5 per cent protein diet made relatively little difference to the 
weights of Walker tumour compared with controls maintained on a 20 per cent 
protein diet. 

It seems very unlikely, therefore, that C/T ratios as high as 30 obtained with CB 1639 
(Table 1) could be attributable solely to a general toxic action causing inhibition of 
body growth and food consumption. 

Like many other tumour-growth inhibitory agents CB 1639 also has a considerable 
effect on haemopoiesis. The main effect in the case of CB 1639 is a fall in the number 
of circulating neutrophilis and in this respect it resembles the effect of Myleran and 
dimethylmyleran’’ or perhaps more closely that of thioguanine.'* The fall in neutro- 
phils seems to be accompanied by a less drastic fall in the blood platelets than occurs 
with other compounds so that, but for its toxic properties, causing weight loss and 
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liability to stomach ulcers, it might have been expected to have shown some promise 
in the treatment of chronic myeloid leukaemia. 

Some clinical trials of CB 1639 in cases of a variety of advanced malignant disease 


have been very briefly reported.": !* Virtually no beneficial effects were observed 
The mode of action of CB 1639 and the specificity of the five-membered ring struc- 


ture remain unelucidated. Microbiological experiments have not indicated that the 


compound is an antagonist of any of the usual amino acids.2° The formation in situ 
of a-aminoadipic acid by the process described above stands as an attractive possibility 
Despite the inactivity of the injected aminodicarboxylic acid, this might still be the 
effective compound since such an acid would not readily penetrate tumour cells 

normal transport mechanisms not operating.*! If formed within the cell, amia oadipic 


acid would persist and possibly interfere with lysine metabolism. It would seem well 
worth while examining some other aminoadipic acid derivatives, such as a range of 


diesters, which could diffuse into the cells and there release the amino acid 
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INTRODUCTION 


Since folic acid antagonists are useful tools in the analysis of certain biochemical 


processes’: * and hey can induce complete, though temporary remissions in 


children with acute leukaemia,’ it was of imterest to mvestigate further the fate of 
these compound en in contact with normal and leukaemic tissue 


Experiments have been reported* * showing that a variety of tissues could inactivate 


the folic acid antagonist aminopterin. Thus cultures of embryonic chick fibroblasts 
and osteoblasts d leukaemic cells from mice with acute lymphoblastic leukaemia 
were able s compound in such a way that it no longer arrested cell division 
at metaphase. In contrast, normal mouse bone marrow was unable to convert 
aminopterin imto an imactive substance, and chick embryonic intestinal mucous 
membrane was a rather weak inactivator. Although short-term exposure to aminopterin 
caused an arrest in metaphase im all tissues tested, different results were obtained 
when exposure was prolonged; for example, after 24 hr of treatment embryonic chick 
osteoblasts and fibroblasts im culture went through mitosis with little inhibition, 
whereas the inte | mucous membrane in vivo remained severely affected for several 


days. Similarly the effect of aminopterin persisted for days in normal bone marrow 
cells of man and mouse, while the leukaemic cells almost invariably overcame the 
initial inhibition 
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In the present paper, observations are recorded which add to the range of tissues 
capable of inactivating folic acid antagonists. In a separate paper’ experiments will 


be described which indicate that the inactivation of aminopterin may involve an 
alteration of the glutamic acid moiety at the end of the side chain of this compound. 


MATERIAL AND METHODS 


To find whether a tissue was capable of inactivating aminopterin, the following 
procedure was adopted. Either finely minced tissue fragments or cell suspensions were 
incubated for 20-24 hr at 37°C with the folic acid antagonist under Strictly sterile 
conditions. At the end of the incubation period the incubated mixture was centrifuged, 
and the supernatant was tested for the presence of aminopterin by placing from 0-01 to 
0-02 ml on a 48-hr hanging-drop culture of osteoblasts from frontal bones of 12-day 
chick embryos. 

[hese tissue cultures, which served as the test system, were grown In a thinly spread 
clot of about 0-02 ml, made of equal parts of cock plasma and chick embryo extract 
the explants contained many cell divisions. Great care was taken over two points: 
(1) that the small quantity of test fluid was placed directly over the area of the cells. 
and (2) that each culture was outside the incubator for not more than 30 sec while 
this manipulation was completed. Longer periods at room temperature may affect the 
dividing cells 

Fifteen minutes after the application of the aminopterin solutions, the cultures 
were fixed in methanol and stained with May-Grunwald and Giemsa’s dyes, according 
to Jacobson (1954a, p. 605-606) and were mounted in a synthetic medium, like 
DPX (Canada balsam is not suitable) 

Mitoses were counted by systematically scanning the zone of outgrowth and the 
explant of the hanging-drop cultures and were classified into four Stages defined as 
follows. Prophase (P), the chromosomes were still confined within the nuclear mem- 
brane; metaphase (M), the chromosomes were in the process of arranging themselves 
or were already arranged in a single group: anaphase (A), the chromosome halves 
(the chromatids) were parting or had separated ; telophase (T), the chromosome group 
for each daughter cell had acquired a nuclear membrane. The distribution pattern of 
these four mitotic phases was recorded as a percentage of all mitoses seen. In a normal 
culture 35-45 per cent of the dividing cells are in metaphase and 20-25 per cent in 
anaphase 

In each experiment the following two controls were generally made. (a) The amin- 
opterin control: a solution of aminopterin (usually 0-5 mg/ml) incubated without 
tissue, in either Tyrode's solution alone or a mixture of Tyrode and serum. These 
aminopterin controls retained their full inhibitory power and after 15 min application 
to the test cultures about 60-70 per cent of all dividing cells were in metaphase with 
severely clumped chromosomes and 0-10 per cent in anaphase. (b) The tissue control: 
the supernatant of cells incubated without aminopterin was applied for 15 min. It 
never inhibited mitoses, and tissue cultures to which it had been added showed the 
normal distribution pattern of metaphases (about 40-45 per cent) and anaphases 
(20-25 per cent). The tissue whose inactivating power was to be investigated was 
incubated in a similar solution containing aminopterin, and the supernatant was 
tested on sister cultures to those used for the control tests (a) and (b). If the tissue had 
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Its supernatant produced no chang » 
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Cultures were grown in a medium containing 0-5 mg aminopterin per ml; after 
48 hr of incubation, some were fixed (group I) or a small drop of a fresh solution of 
aminopterin (O°5 mg ml) was deposited on the tissue for 15 min (group III). Control 


cultures, which had grown for 48 hr without aminopterin, were treated for 15 min 


with a drop of either Tyrode alone (group IV) or a fresh aminopterin solution 
(group I). 


Results (Fig. 1) 
In the cultures grown in the presence of aminopterin for 24—48 hr, the distribution of 
mitotic stages was now normal (42 per cent metaphases and 23 per cent anaphases) 
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as compared with controls grown for the same period without the inhibitor (38 per 


cent metaphases and 23 per cent anaphases). This result showed that the inhibition 


had been overcome. When the cultures which had grown for 48 hr in aminopt 


‘ 


were exposed for 15 min to a second application of aminopterin, however, they showed 


the typical arrest in metaphase with clumped chromosomes (58 per cent metaphases 


and 7 per cent anaphases) corresponding to the response obtained with the norma 


cultures exposed to aminopterin for the first time (58 per cent metaphase and 6 pet 


cent anaphases) (Table 1) 


\ SECOND APPLICATION OF AMINOPTERIN IS AS EFFECTIVE AS THE FIRST 


TABLE | 
K osteodiasts iving d aminopterin (II) u 
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Group II is indistinguishable from the normal controls (Group IV) 


used in the four groups were seven, four, nine and five, respectively 


These results indicated that the cells grown for 48 hr in aminopterin had overcome 


the metaphase block set by this compound, but remained as sensitive as before to a 
fresh application of the inhibitor. This ruled out the possibility th 


at the cell used a 


metabo! path independent of folinic acid, and showed that tl cy had not become 


patil 


resistant to aminopterin. 


Il. The Inactivation of Aminopterin by Tissues 


Object of experiment 


The effect of various tissues taken from normal adult and embryonic chickens, 


from normal and leukaemic adult mice of the FAK, and AK strains, and from normal 


and leukaemic adults and children, on aminopterin was investigated 


Cell suspensions or finely cut pieces of tissue were incubated with aminopterin 


in a liquid medium at 37°C under sterile conditions. The liquid media used were 


serum, a mixture of serum and Tyrode, or Tyrode alone. The experiments included 


the two controls previously mentioned, though occasionally in the case of human 


bone marrows not sufficient material was available for the tissue control. The con- 


centration of aminopterin was usually 0-5 mg/ml, though in some of the experiments 


with human bone marrow the concentration was higher 
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Experiments were made to compare the effect of the cells of normal mouse lymph 


nodes (i.e. normal lymphocytes and lymphoblasts) on the one hand, and of leukaemic 
lymph nodes on the other. The leukaemia was of the acute lymphoblastic type. Only 
those nodes were selected which were almost replaced by leukaemic cells. Suspensions 
of normal or leukaemic lymphoid cells were prepared under sterile conditions as 
follows: Axillary, inguinal and mesenteric nodes were isolated and cut into small pieces 


+} 


th fine scissors; the tissue fragments were transferred to lyrode with a pipette and 


Wi 
the suspension was gently shaken, which caused most of the lymphoid cells to be 
washed out of the cellular reticulum. After standing for a lew minutes, the small 
tissue Iragments had sunk to the bottom, leaving a milk, suspension of lymphocytes 
and lymphoblasts which was used for the experiment. Haematocrit determinations 


25 mg of cells per ml. Batches of 


2 and 4 ml of this type of suspension were incubated in small, flat-bottomed flasks 


showed that these preparations contained about 


for 24 hr at 37°C, one of each group in Tyrode alone and the other in Tyrode con- 
taming 0-5 mg aminopterin per ml. After incubation the cell Suspensions were centri- 
fuged and the supernatants tested on tissue cultures in the way described. 
Results 

1. Normal chicken tissue. In addition to the tissues already investigated (Jacobson. 
1954 a, h). fowl red blood cells and buffy coat containing a few red cells were found to 
inactivate aminopt« \fter an extensive series of tests. beginning with 250 mg red 
cells per ml, progressively smaller quantities of red cells were used in these experiments. 
all of which showed that fowl erythrocytes inactivated aminopterin. It was found that 
25 mg red blood cells per ml I'yrode converted 0-5 mg aminopterin to an inactive 


substance. The same quantity of red cells was capable of inactivating even 2 mg 
aminopterin per ml, and the same quantity of buffy coat collected after 30 min of 
centrifuging at 3000 rev/min had the same effect. When the supernatants were applied 


to test cultures for 15 min the results listed in Table 2 were obtained experiments III 


and IV show clearly the inactivation of aminopterin 
lhese results also confirm the previous observation that chick serum has no effect 


on amimopterin. In view of the great capacity of fowl red cells to inactivate aminopterin 
arate 


this method was used extensively for the experiments to b> described in a sep 


paper.’ 


2. Mouse tissues. (a) Normal liver. This tissue. finely minced, inactivated aminopterin 
within 24 hr, as was shown in the following experiment: 14:5 mg liver/ml, were 
meubated with 0-5 mg aminopterin/ml in a total volume of 12-8 ml Iyrode. The 


~Ussue control” contained 16 mg liver/ml in a total volume of 14-6 ml Tyrode. The 
aminopterin control was 0:5 mg/ml in Tyrode. These three fluids were incubated for 
24 hr and the supernatants tested for 15 min on the usual cultures. The results are 
summarized in Table 3 and show that aminopterin has lost its inhibitory power after 
meubation with liver. This capacity of the liver was of interest. as normal bone marrow 
(10 mg/ml) had previously been found unable to inactivate aminopterin.° 

(b) Leukaemic cells from leukaemic lymph nodes. In previous experiments* it 
had been shown that mouse leukaemic cells. collected either from the area of implanta- 
tion or the heavily infiltrated bone marrow, inactivated aminopterin, in contrast to 
the normal bone marrow which had no effect on the inhibitor. As normal mouse bone 
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TABLE 2. THE INACTIVATION OF AMINOPTERIN BY RED CELLS AND THI 
BUFFY COAT OF FOWL’S BLOOD 


(Distribution of mitotic phases in 48-hr cultures of chick osteoblasts, 15 min after the application 
of the following test solutions. Four cultures were used for each group.) 


Prophase Metaphase Anaphase Telophase 
Test solutions (%) (%) mitoses 


1. Aminopterin control 


2 mg/ml Tyrode 


4 
+ 
+. 


Aminopterin control 
2 mgm! serum 


Tyrode, equal parts 


Aminopterin 2 mg/ml 
Tyrode + r.b.c. 25 mg 


x 
tv 


Aminopterin 2 mg/ml 
I'yrode buffy coat 


25 meg 


R.B.C. control 25 mg 
ml Tyrode (no amin- 
opterin) 


VI 13 


Untreated cultures 


Aminopterin has retained its inhibitory power after incubation for 24 hr with fowl serum (I) 
but has lost its inhibitory effect after incubation for 24 hr with fowl red cells (II) or buffy coat (1V) 


TABLE 3. INACTIVATION OF AMINOPTERIN BY NORMAL MOUSE LIVER 


(Distribution of mitotic phases in 48 hr cultures of osteoblasts, 15 min after the application of 
the test solutions.) 


Prophase Metaphase Anaphase Telophase Number of 


340 


Aminopterin control 


Liver + aminopterin 52 19 2? 60] 


Liver in Tyrode 7 51 20 22 558 


Five, five and four cultures, respectively, were used for the three groups 
Aminopterin incubated with liver has lost its inhibitory power 


marrow contains probably no lymphoblasts and only a small percentage of lympho- 


cytes (up to 10 per cent), it was decided to compare the inactivating capacities of 
normal and leukaemic cells from lymph nodes, as this would be a more significant 


experiment. 
The control supernatants of the normal and of the leukaemic lymphoid cells incu- 


bated in Tyrode without aminopterin had no effect on cell division, as was to be 


expected, and the ratio of metaphases to anaphases was 46 per cent and 23 per cent 


in the test cultures (group II, Table 4). There was, however, a striking difference 
between the normal and the leukaemic cells in their action on aminopterin. The norma! 
lymphocytes and lymphoblasts failed to inactivate this compound, which retained its 
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full inhibitory power after incubation with these cells: in the test cultures the meta- 


phase count rose to 68 per cent and the anaphases count fell to | per cent (group III, 


Table 4). The leukaemic cells, on the other hand. converted the aminopterin into an 


TABLE 4. INACTIVATION OF AMINOPTERIN BY LEI KAEMIC CELLS FROM LYMPHNODES 
OF MICE WITH ACUTE LYMPHOBLASTIC LEUKAEMIA (GROUP IV) AND INABILITY OF NORMAI 
PHOID CELLS TO INACTIVATE AMINOPTERIN (GROUP III) 


5 min after application of 1 


so that the supernatant had no inhibitory effect on cell division in 


oup IV. Table 4) 


(a) Normal blood. Aminopterin in concentrations of 0-5 or 1-0 

vas incubated for 24 hr at 37°C under sterile conditions with either whole 
the washed red cells from these volumes of blood. suspended 

ution. The wet weight of red cells in the incubation fluids varied 

25 and 200 mg/ml. Serum or heparinized plasma (0-01 mg/ml) either undiluted 
ode, was also investigated for its effect on aminopterin (0-5 or 


od of twenty-five normal humans was examined and the results 


test cultures 


c counts of 
liluted or undiluted, had no effect on anunopterin which retained 
ion on cell division when applied to the test cultures. A total of 
re treated with aminopterin previously incubated with plasma 

ures, metaphases were between 72 and 58 per cent and inaphases 

between 0 and 9 per cent among over 5000 mitoses: the results were indistinguishable 


irom those obtained with aminopterin incubated in 'yrode (the aminopterin controls) 
and tested on twenty-six cultures. Serum. plasma or the supernatant or red cell 
suspensions in the absence of aminopterin, served as the “tissue” controls and had no 
effect on cell division in the test cultures (thirty-one cultures). 

Whole blood or red cells resuspended in Tyrode, converted aminopterin into an 


inactive Compound in twenty-one of twenty-five cases, In the twenty-one cases which 
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The aminopterin inactivated by the seventeen marrows of leukaemic children was 


tested on sixty-six cultures with over 9000 cell d 
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and directly to both the inhibitory analogue and the physiological compound. estab- 
lished that folinic acid has an important part to play in cell division. It appears to be 


the first instance of a defined chemical substance to which such a specific function 
during mitosis can be allocated 


For this reason, and in view of the clinical use of the folic acid antagonists in ti r 


treatment of acute leukaemias in childhood, it was relevant to investigate the so- 
called resistance to these compounds. They exert a striking effect initially, particularly 
in tissue Cultures where mitotic arrest occurs within a few minutes, but finally become 
inefiective after longer exposure to all leukaemic cells and some normal cells 

Since cells LTOWINE 1 rO SHOW an ei suy observable response on exposure to folic 
acid antagonists, they provided a suitable test system for the activity of these com- 
pounds. Test cultures treated with aminopterin or other folic acid antagonists for 
15 min, show not only an accumulation of metaphases and a decrease of anaphases, 


but also a severe clumping of the metaphase chromosomes in contrast to the contro! 
cultures treated with saline, serum, tissue fluids or inactivated aminopterin. Because 
of these distinctive features, and since no overlap occurred in the percentage values 
of the mitotic pattern of cultures treated with folic acid antagonists and those treated 
with the inactivated compound, a subsidiary reliance on statistical evaluation of the 
results was not required 

As to the specificity of the test the following points are to be mentioned: (1) Folinic 
acid prevents the inhibition caused by aminopterin over a range of concentrations. 
Folic acid fails to do this. (2) Aminopterin after exposure to some tissues retains its 
inhibitory qualities, but after exposure to other tissues it loses its inhibitory action. 
(3) Inactivated aminopterin, after treatment with mild acid, for example, regains its 
capacity to inhibit cell division in the test cultures. These three points provided the 
basis for considering the test system of cells growing in vitro as satisfactory and 


sufficiently specific. 


2. The inactivation of folic acid antagonists 

It was surprising to find that some normal human red blood cells can convert 
aminopterin (and A-methopterin as found in experiments to be reported later) into 
an inactive form, and that this quality of normal human red blood cells was not shared 
by all subjects. Attempts to correlate these observations with other, probably enzymic 
qualities of the red cells should be an interesting task. It was equally surprising that 
rather small quantities of leukaemic human bone marrow were very effective in 
inactivating aminopterin and A-methopterin. It was unfortunately not possible at 
this stage of the investigation to correlate the in vitro inactivation of aminopterin with 
the clinical response, but this will be attempted. The very small quantities of human 
bone marrow usually available did not allow the separation of white and red cells 
and it is notorious that attempts to increase the yield of leukaemic marrow usually 
lead to dilution with blood; but the proportion of the two types of cells in some of 
the marrows indicates that the leukaemic cells are at least as effective as the red cells 
in converting aminopterin into an inactive form. The experiments with mouse 
leukaemic tissue allowed a better separation of the two types of cells. Whenever the 
preparations of leukaemic cells were checked for contamination with red cells this 
was found to be very low. The cell-free fluids, whether serum, plasma or tissue fluids, 
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were always found to be without any effect on aminopterin. This has been found 
previously for a Tyrode extract of crushed chick embryo osteoblasts and was repeatedly 
confirmed with the supernatant of human leukaemic marrow, which by necessity 
must always contain some dissolved material from cellular débris, especially after a 


24 hr incubation period 
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Abstract—(1) Inactivated aminopterin can be reactivated by a brief exposure, at room 
temperature, to either mild acid or alkali 

(2) The u.v. absorption spectrum of aminopterin and its inactive form are 
indistinguishable 

(3) A-methopterin, the N,)-methyl analogue of iminopterin, is also inactivated. but 


umino-an-fol, a weak folic acid antagonist which differs from aminopterin by a terminal 


aspartic instead of a glutamic acid, resists inactivation 


(4) The in vitro inactivation of aminopterin does not occur in the presence of relatively 


high concentrations of glutamate or p-aminobenzoylglutamate 


(5) The Mg salt of inactivated aminopterin indicates that a free carboxylic acid 
group has been lost in the course of inactivation 

(6) In view of the evidence listed under points (1)—(5) the tentative hypothesis is 
proposed that inactivation of aminopterin is caused by a ring closure of the terminal 
glutamic acid 


(7) The possible implications of these findings for the treatment of acute leukaemias 


are discussed 


INTRODUCTION 


IN A previous paper! experiments were described which showed that the folic acid 
antagonist aminopterin (4-aminopteroylglutamic acid) loses its capacity to arrest 
cell division at the metaphase stage after incubation with a variety of normal tissues 
or leukaemic cells from mice or children with acute leukaemia. 

Folic acid antagonists are used in the investigation of cellular processes and as 
therapeutic agents. They act by interfering with the function of folinic acid. which is 
essential for all cell divisions and for the de novo synthesis of purines and thymine in 
the two daughter cells after completion of mitosis. Furthermore, they are capable of 
inducing temporary remissions ina certain percentage of children with acute leukaemia. 
It was therefore of interest to conduct experiments which may throw light on the nature 
of the inactivation of folic acid antagonists, especially as the majority of children 
with acute leukaemia fail to respond to these compounds and those who initially 
responded become eventually resistant to treatment with folic acid antagonists. The 


results of the investigations reported here suggest that the inactivation of aminopterin 
may be due to a ring formation of the terminal glutamic acid of the molecule. 
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MATERIAL AND METHODS 


\minopterin dissolved in Tyrode’s salt solution was inactivated by incubating it 
or fowl red blood cells or with leukae mic cells of mice with an 


acute lymphoblastic leukaemia. The concentrations of aminopterin varied between 
0-5 and 2-5 mg/ml. The quantities of cells varied between 10 and 50 mg/ml. The total 
volumes of the incubation mixtures ranged from 2 to 20 ml. The fluids were kept in a 


shallow layer for 20-24 hr at 37 “C. They were then centrifuged and the supernatant, 


containing the incubated aminopterin was either tested immediately or stored at 


\ll solutions and materials were prepared throughout under 


‘s. Further details of the pr 


1 experiment had its own 
for 15 min to supern 
normal distribution pattern of mitotic pha 
nd about W745 


i¢ per cent anaphases). Similar values were found 


inactivated aminopterin, In contrast, test cultures exposed for 
terin showed a striking arrest in metaphases (about 60-70 per cent) 
osomes, and very few anaphases (0-10 per cent). Thus by con 
iphase (A) ratios in the tables the reader can appraise the essent 


technical procedures are given in the corresponding secuions 


RESULTS 


Seeking information about the chemical nature of the inactivated aminopterin, a 
number of tests were undertaken which can be grouped into two classes: those that 
would indicate whether a partial breakdown of the molecule had taken place, and 
those that would show whether there had been a transformation without involving a 
katabolic process. Over fifty preparations of inactivated aminopterin were used for 
this purpose 


1.7ests to determine whether aminopterin breaks down during inactivation 

All of the investigations in this group gave negative results. 

(a) Tests for deamination. When 10 mg of aminopterin, inactivated by incubation 
with fowl or human red blood cells or mouse leukaemic cells, were placed in a ¢ onway 
diffusion unit, no ammonia was liberated, and similar tests with Nessler’s reagent 
were also negative. No sign of urea formation could be detected during the inactiva- 
tion of 10 mg aminopterin with fowl or human red blood cells, when the solution 
containing the inactivated compound was treated with urease, followed by Nessler’s 
reagent 


(b) Tests for liberation of free pteridine, p-aminobenzoic acid. p-aminohenzoyl- 
glutamic acid, and glutamic acid in the course of inactivation of aminopterin. After 
aminopterin was incubated with either human or fowl red blood cells or mouse 
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leukaemic cells, neither the ultra-violet abosrption sectrum nor the emission spectrum 
of the inactivated form showed any evidence for the liberation of a pteridine, nor 
could this be demonstrated by extraction with n-butanol into which a free pteridine 
might have been concentrated. The Bratton and Marshall? test with naphthylethylene- 
diamine for aromatic amines was negative ; there was thus no indication of the presence 
of either free p-aminobenzoic acid or free p-aminobenzoylglutamic acid. No free 
amino acid could be demonstrated with ninhydrin, so that the setting free of the 
glutamic acid part of the compound could be excluded. 


(c) Experiments to determine whether the inactivation of aminopterin was caused by 
acetylation or a similar acylation. Inactivated aminopterin was treated with a mixture 
of phosphoric acid and phosphorus pentachloride, to form an acylchloride ; subsequent 
treatment with n-butanol, to form butylacetate or other butyl esters, failed to show 
the presence of acetate or other volatile fatty acids. Distillation of the acid hydrolysate 
of the inactivated compound did not reveal any volatile acids. These findings exluded 
the possibility that acetylation of aminopterin or a similar process was the cause of 
inactivation. 


(d) Inconclusive attempts to distinguish aminopterin from its inactive form chromato- 
graphically. Four different solvents were used: 3°, NH,Cl, n-butanol SN-acetic 
acid + water (8: 1:1), 5°, sodium citrate saturated with isoamyl alcohol, and 
isopropanol in water. 

In the first two solvents, both aminopterin and inactivated aminopterin gave long 
streaks instead of defined spots. The front of the streaks were at the same positions 
for both forms. This indicated that both compounds may have undergone some altera- 
tion in the course of the procedure. The third solvent (5°, sodium citrate saturated 
with isoamyl alcohol) did not distinguish between the active and the inactive form 
(both R, 0-20). The u.v. absorbing area of a paper chromatogram obtained from 
0-5 mg aminopterin and 0-5 mg inactivated aminopterin was eluted with | ml Tyrode 
and the eluates were tested in the usual way on four cultures each: the eluate of the 
aminopterin chromatogram inhibited mitoses (P 9 per cent, M 67 per cent, A 6 per 
cent, T 18 per cent in 418 dividing cells); the eluate of the inactivated aminopterin 
did not inhibit mitoses (P 8 per cent, M 49 per cent, A 20 per cent, T 23 per cent in 
414 dividing cells). 

The two derivatives of aminopterin: N -formyl-, 5: 6-, 7 : $-tetrahydroaminopterin 
and N,»-formylaminopterin, kindly supplied by Dr. Slavikova.’ could be excluded as 
products of inactivation as their R,-values, under these conditions, were 0-60 and 0-52. 

2. Tests to determine whether a molecular “transformation” without breakdown of 
aminopterin occurs in the course of inactivation 

(a) The ultra-violet absorption spectra of aminopterin and its inactivated form. The 
u.V. absorption spectra of the two compounds in Tyrode’s solution were indistinguish- 
able (Fig. 1). This observation established that in the pteridine and benzene moieties 
of the two compounds no substantial alteration could have occurred. Any change in 
the system of conjugated double bonds, such as hydrogenation, or substitutions on 
certain positions of the pteridine or benzene rings, would have caused characteristic 
changes in the ultra-violet absorption spectrum. 
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(b) The effect of mild acid or alkaline hydrolysis on inactivated aminopterin. Brief 
exposure of inactivated aminopterin to very mild acid or alkali at room temperature 
led to re-activation of the compound, restoring its inhibitory power on cell divisions 
in the test cultures 

In view of the lability of aminopterin itself on treatment with acid, a series of 
experiments were undertaken to determine at what degree of acidity aminopterin 
would not be destroyed. When 0-5 mg aminopterin in 1 ml plasma + Tyrode (1 : 1) 
ml of 0-3N HCI at room temperature for 3 min and was then 


was mixed with 


250 Sc(mp) 300 350 400 


absorption spectrum of aminopterin (@ @) and inactivated aminopterin 
) 


neutralized with 0-3N NaOH (this required 0.75 ml), it failed to arrest mitoses in the 
test cultures (Table |, group |). By a stepwise reduction of the amount of acid added 
to aminopterin solutions (0-5 mg/ml plasma Tyrode, equal parts), it was found 
(Table |) that the addition of 0-1 ml of 0-3N HCl per ml at room temperature did 
not diminish the inhibitory activity of aminopterin during the first 3 min (Table 1, 
group 4), though some reduction might occur during 30 min (Table |, group 5). It 
was therefore assumed that in an attempt to reactivate the inactivated aminopterin 
it would be safe to expose the inactive form for short periods to 0-05 ml of 0-3N HCI 
per ml 

The inactivated compound used throughout these experiments was prepared by 
incubation of aminopterin in Tyrode with either human or fowl red blood cells or 
mouse leukaemic cells. If 0-05 ml of a 0-3N hydrochloric acid was added at room 
temperature for each ml of the solution contaiming 0-5 mg inactivated aminopterin 
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TABLE 1. DESTRUCTION OF AMINOPTERIN BY AC ID AT ROOM TEMPERATURI 


(0-5 mg aminopterin per ml plasma and Tyrode equal parts. The neutralized 
solutions are applied to two or more test cultures for 15 min.) 


Vol. of 03 N HCI Time of — Vol. of 0-3 N NaOH Ratio of 

added to each ml exposure required for meta- to ana-phase 

of aminopterin sol. to acid neutralization in test cultures 
(ml) (min) (ml) 


0-16 
0-05 
0-06 


(6) 0-05 20 0-02 


Under the first three conditions aminopterin has lost all or most (3) of its 
inhibitory action. Under the last three conditions aminopterin has retained all or 
nearly all (5) of its inhibitory action 


per ml and this was then carefully neutralized with 0-3N sodium hydroxide to pH 7:2- 
7-3 with the aid of a micropipette, the inhibitory action of the inactivated compound 
was restored, provided the exposure to acid did not exceed 15 min. The course of the 
reactivation is illustrated by the following experiment (I ig. 2): to the solution con- 
taining the inactivated aminopterin, acid was added in the quantity described above. 


70 


P T 


Fic. 2. Reactivation of inactive aminopterin by acid treatment. Distribution of mitotic phases in test 
s after 15 min exposure to: inactivated aminopterin (metaphases, 43 per cent); in- 
activated aminopterin after treatment with 0-05 ml 0-3 N HCl/ml for 3 min ; for 5 min 
curve not drawn, metaphases 64 per cent, marked X: for 15 min ; for 30 min 
Aminopterin control (metaphases, 74 per cent). Abbreviations: P. prophase; M, metaphase; 


A, anaphase; T, telophase 
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Aliquots were neutralized after 3, 5, 15 and 30 min of exposure to the acid. These 
four samples were applied to groups of test cultures. The following served as controls 
(1) inactivated amimopterin, not exposed to acid, (2) aminopterin in Tyrode, exposed 
to acid for corresponding periods, and (3) as the tissue control, the supernatant of 
red cells incubated without aminopterin (Table 2) 

It can be seen that exposure of the inactive compound to acid for 3.5 and 15 min 


led to increasing inhibitory action on cell division. After 30 min exposure to 


TABLE 2. REACTIVATION OF INACTIVE AMINOPTERIN BY ACID TREATMENT 


iS restored increasingly up to 15 min exposure to acid. The 


si 15 min. The Ol Talos 


yuired 0-02 ml 0-3 N NaOH, ml in each case. For acid treatment 


vith 
opterin ) as regained most of its inhibitory 
posure propnase M metapnase, \ 


however, the inhibitory power of the compound was much reduced. The interpretation 
of this observation was made possible by the second control group in which the active 
unaltered aminopterin was treated with the same amount of acid for corresponding 
periods. It was found that under these conditions aminopterin itself was partially 
destroyed when exposed to 0-3N hydrochloric acid for 30 min; longer exposure, 
e.g. | hr, or the use of | ml 0-3N HCI per ml of the aminopterin solution led to complete 
loss of the inhibitory action (Table 1) possibly by deamination. It can be assumed. 
therefore, that exposure to 0-3N HCl, 0-05 ml/ml for periods of not more than 15 min 
converts the inactive into the active form, but beyond this period the active form is 
destroyed at a rate faster than that of the reactivation process. Thus, extending the 
exposure to acid beyond a point when a maximum has been reached, leads to an 
irreversible destruction of aminopterin. 
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When inactivated aminopterin in Tyrode (2:5 mg/ml) was exposed to 0-3N NaOH 
(0-1 ml/ml aminopterin solution) for 15 min at room temperature and then carefully 
neutralized with 0-3N HCl, some of its inhibitory action was restored (Table 3). The 
inactivated aminopterin produced the mitotic ratios M, 46 per cent, A, 24 per cent, 
but after it had been exposed to alkali for 15 min it gave the ratios: M, 61 per cent, 
A, 6 per cent, and after 30 min of exposure, M, 53 per cent, A, 12 per cent. It may be 
concluded that alkali, like acid, reactivates the compound, but that prolonged ex- 


posure to alkali destroys some of the aminopterin formed by alkaline hydrolysis 


TABLE 3. REACTIVATION OF INACTIVE AMINOPTERIN BY TREATMENT WITH ALKALI 


action was restored increasingly 


ns were 


ratios Were as SNOV 


Control 


(1) Inactivated amimopterin 
(amimopterin 2°5 g mil) 


( r.b.c. 50 mg ml) 


| lactivated amimnopterin 
{ solution 1) 


0-1 ml 0-3 N NaOH n 
(2) Neutralized after 15 min 
(3) Neutralized after 20 min 


(4) Neutralized after 30 min 


30 min of exposure to alkali lead already to a partial destruction of aminopterin, 


the inhibitory power is decreased. (N.B. aminopterin itself exposed to alkali for 
| hr loses all its inhibitory action). Abbreviations as in Table 2 
Hence 30 min of treatment with NaOH results in less inhibitory activity than 15 min 
This is also borne out by an experiment in which aminopterin itself was treated for 
| hr with the same amount of NaOH, when nearly all its inhibitory power was destroyed 
(M, 48 per cent, A, 17 per cent) 

In view of the reactivation of inactivated aminopterin by very mild treatment with 
acid or alkali at room temperature, it was tentatively assumed that a ring closure of the 
terminal glutamic acid might be the process underlying the inactivation. The validity 
of this assumption was tested by the following three experiments (sections c, d and e). 


(c) Inactivation of A-methopterin by red blood cells and failure of red blood cells 
to inactivate amino-an-fol. If inactivation is caused by ring closure, then A-methopterin 
(4-amino-N,9-methylpteroylglutamic acid), which is an effective folic acid antagonist, 
should be inactivated under the same conditions as aminopterin, since both compounds 
have a terminal glutamic acid. On the other hand, amino-an-fol (4-aminopteroy]- 
aspartic acid), which is a rather weak folic acid antagonist, should retain its inhibitory 


power, since it carries a terminal aspartic acid, instead of a glutamic acid. Aspartic 


acid could not be readily cyclized, as its carbon chain would be too short (see Fig. 5). 
A-methopterin inhibited cell divisions in cultures of embryonic chick osteoblasts and 
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in human bone marrow,’ and the chick cells growing in cultures were able to overcome 


this inhibition wi 
In the present 

human red blood 

(among 893 mit 


incubated with 18 mg r.b.c. 
in relapse after t1 
division: M, 45 pe 


10 mg red cells p 


with acute leukae 
(among I81 mit 
tissues aS aminopt 
In contrast. w 
human red cell f 
and with the sar 
test cultures: M 
the control, an 
mitotic ratio: M 
(Fig. 4) 


(d) Vaene 


the terminal glut 


acid This could be 


or Ba* eit 


active, and two mol 


Me** in the salt 


aminopterin salt 


thin 24 hr. 

experiments, when | mg A-methopterin was incubated with 20 mg 
cells it lost its effect on cell division: M, 48 per cent, A, 21 per cent 
ses of four cultures) (Fig. 3). The same amount of A-methopterin 
1 mg leukaemic cells of a child with acute leukaemia 
eatment with this compound, also lost its inhibitory action on cell 
r cent, A, 23 per cent (among 439 mitoses in four cultures). Finally 


lus less than | mg leukaemic cells of the bone marrow from a child 


hopterin by red blood cells. Distribution of mitotic phases in 

to: A-methopterin (2-5 mg/ml) ; A-methopterin (2-5 mg m 
hr with red blood cells (20 mg/ml.) ; serum controls 
Abbreviations as in Fig. 2 


ua inactivated | mg A-methopterin: M, 46 per cent, A, 22 per cent 


ses in three cultures). Thus A-methopterin is inactivated by the same 


rin 
n 4-aminopteroylaspartic acid (amino-an-fol) was incubated 
the same blood as that used for the experiment with A-meth« 


juantities) it did not lose its inhibitory action on cell di 


ANS nr 


per cent, A, 5 per cent (among 949 mitoses in seven 


in-fol incubated for 24 hr without red cells produced a 


70 per cent, A, 4 per cent, (among 1108 mitoses in seven culture 


s of inactivated aminopterin and of aminopterin.’ A ring closure of 
c acid of aminopterin would entail a loss of the y-carboxy! 


demonstrated by the formation of an insoluble salt wit! 


he bivalent cations would combine with one molecule 


ecules of the inactivated aminopterin. Thus the weight of Ba* 


of the inactivated compound would be about half that in 
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The nature of aminopterin inactivated by normal and leukaemic tissues 


(1) Inactivated aminopterin was prepared as follows: each of two flasks received 
20 ml Tyrode in which were dissolved 40 mg aminopterin and to which were added 
400 mg packed red cells. The flasks were incubated for 24 hr, under sterile conditions 
at 37 °C, the contents were centrifuged and the clear yellow supernatant containing 
the incubated aminopterin was tested on cultures. It had no inhibitory action on 
cell division (M, 48 per cent, A, 21 per cent among 551 mitoses): untreated control 
cultures showed M, 47 per cent, A, 22 per cent (among 526 mitoses). The aminopterin, 
therefore, had been inactivated. The solution was deproteinized by shaking with 
chloroform, centrifuged and the clear yellow solution pipetted off. This process was 
repeated four times, until no precipitate with chloroform was formed. The inactivated 
aminopterin was stored overnight at 0 °C. A yellow, microcrystalline precipitate was 
collected by centrifuging at 3°C and twice washed in a small volume of ice-cold, 


Fic, 4. Failure of red blood cells to inactivate amino-an-fol. Distribution of mitotic phases in test 


cultures 15 min after exposure to: amino-an-fol 2-5 mg/ml inc, 24 hr ; amino-an-fol, 2-5 


‘ 


mg/ml previously incubated for 24 hr with red blood ce!ls 20 mg/ml, inc. 24 hr serum 


controls Abbreviations as in Fig. 2. 


glass-distilled water; care was taken to insure that the material stayed at temperatures 
between 0 © and 3 °C. After the washed suspension of the precipitate had been centri- 
fuged at 3 °C, the water was drained off and the fine yellow crystals were dried in vacuo 
over P,O;. To the yellow supernatant still containing a substantial part of the inacti- 
vated aminopterin, were added 3 vols. of ethanol, and this was placed at y & Te & 
overnight. A further microcrystalline precipitate was collected, washed, treated in 
the same way as the first precipitate and pooled with it. The dried, inactivated 
aminopterin was retested at this stage on dividing cells in cultures: it had remained 
inactive throughout these procedures, M, 47 per cent, A, 19 per cent (among 594 
mitoses). The magnesium salt was prepared as follows. The remainder of the crystalline 
inactivated aminopterin (34-0 mg) was dissolved in 17 ml 2 per cent sodium acetate. 
MgCl, (20 mg anhydrous, dried in vacuo) was added. Some precipitate appeared 


already at room temperature. The flasks were stored at 0 °C overnight, and the con- 


siderably increased precipitate was collected by centrifuging at 3 °C: it was washed in 
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a small volume of ice-cold, glass-distilled water and centrifuged in the cold, after 
which the water was drained off and the precipitate dried in vacuo over P.O,. To the 
supernatant, containing the inactivated aminopterin and magnesium chloride, were 
added 3 vols of ethanol; this was stored at — 23 °C overnight and the second precipi- 
tate of fine yellow crystals was collected, treated as the first precipitate and pooled 
with it; 29-60 mg of the inactivated aminopter in-Mg-compound was ashed. The weight 
of the ash was 1-50 mg as MgO, which corresponds to a Mg** content of inactivated 
amimopterin of 3-0 per cent. The theoretical value for inactivated aminopterin 
Mg*~ 2 (m.w. 433-3) would be 2-8 per cent 

(2) The following controls were prepared: (a) Aminopterin was incubated in Tyrode 
without red blood cells, and treated in the same way as the inactivated aminopterin, 
except that it was shaken with chloroform once only. When tested on cultures it was 
found to have retained its inhibitory capacity at the end of these procedures, and 
gave the mitotic ratios: M, 63 per cent, A, 5 per cent (among 440 mitoses). When 

hed as a free compound no measureable or visible ash could be detected. (b) The 
Mg salt of aminopterin was prepared in the same way as described above for the 


inactivated aminopterin. 52-14 mg of the Mg salt of aminopterin, when ashed, yielded 


an ash weight of 4-55 mg, which, as MgO, corresponds to a Mg?* content of 5-26 pel 


iminopterin-Mg compound (m.w. 462-5). The theoretical value of the Mg? 
cent 
¢ following “blanks” were prepared: Tyrode solution, when shaken with chloro- 


form and stored at 0 °C, did not forma precipitate; it remained clear when 3 vols 


ethanol were added and when this mixture was stored at 23°C. A solution of 2 


sodium acetate ethanol (3 vols.) + MgCl, (11-3 mg/10 ml sodium 


acetate) gave no precipitate on storage at 23 °C for several days. The MgCl, used 
gave the correct theoretical value of MgO when ashed 

[hus the difference in the Mg content of the magnesium salts of aminopterin 
(5-26 per cent) and of inactivated aminopterin (3-0 per cent) would not be inconsistent 
with the assumption that in the course of inactivation one free carboxylic acid is 


blocked, possibly by a ring closure of the terminal glutamic acid (Fig. 5) 


The protective action of glutamate and p-aminobenzoylglutamate (p.a.b. glut.) 
etivation of aminopterin in vitro. If activation of aminopterin involved 
an alteration of the terminal glutamic acid, it would be of interest to investigate the 
effect of relatively high concentrations of glutamate and p.a.b. glut. on this process 
Loading the incubation mixture of aminopterin and blood cells with either glutamate 
or p-aminobenzoylglutamate might saturate the inactivating enzyme system to such 
an extent that the aminopterin molecules may be protected and thus not so readily 
inactivated 
The following technical points had to be considered before setting up the experi- 
ment. The addition of glutamic and p-aminobenzoylgluatmic acid to the incubation 
mixture would raise the tonicity of the solution and lower its pH unduly. This was 
an important point in view of the instability of aminopterin in acid solutions. It was 
found that 10 mg glutamic acid or 10 mg p.a.b. glut., dissolved in 0-2 ml 3-5 
Na.HPO, + 12H,O and brought to pH 6-5 by the addition of 0-03 ml 1-5N NaOH. 
could be added to 1-77 ml Tyrode to make 2 ml total volume, without affecting the 
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tonicity unduly. The final pH values of the incubation mixtures, containing the cells, 
were between 7-0-7-3. 


Besides the standard aminopterin control and the tissue control (i.e. these two 
incubated separately and alone) the following three additional control systems had 
to be set up: (1) amimopterin incubated in the presence of glutamate or p.a.b. glut.; 


(2) leukaemic cells incubated in the presence of these two substances without 


HOOC CH, 
H | 
‘CO *N—CH 
COOH 


4 ‘NH, ~pte royl-glutamic acid 


N N A-methopterin He 

A 
HaN-C Cc CH HOOC CH 

N— 

\Z CH, COOH 
NH2 4-NH»—IO-CH,— pteroyl-glutamic acid 


4.NH2—pteroyl-aspartic acid 


Fic. 5. The formulae of the three folic acid antagonists drawn to illustrate the hypothesis of inactiva- 


tion by ring closure of the terminal glutamic acid in the case of aminopterin and A-methopterin. and 


to illustrate the failure to inactivate amino-an-fol 


aminopterin; (3) leukaemic cells and aminopterin incubated together in the presence 
of additional phosphate. This was made up of a mixture of Na, HPO, and NaH,PO, to 
give the equivalent values of added phosphate, as used in the solution for the test 


substances. All these controls were satisfactory: the aminopterin control (without 


leukaemic cells) retained its inhibitory action on dividing cells, after it had been 
incubated in the presence of glutamate or p.a.b. glut., and the leukaemic cells in- 


activated aminopterin in the presence of additional phosphate. 


When aminopterin was incubated with leukaemic cells in the presence of relatively 


high concentrations of glutamate or p.a.b. glut. it retained its capacity to arrest 
mitosis in the test cultures (Figs. 6 and 7), while without these two compounds 


aminopterin was inactivated by the leukaemic cells. These results are summarized 
in Table 4, and show that either glutamate or p.a.b. glut. can protect aminopterin 
from being inactivated by leukaemic cells. The effect of other amino acids has not 
yet been tried. 
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Fic. 6. Protection of aminopterin by glutamate against inactivation by leu aemic cells. Distribution 


of mitotic pha in st culture nin after application of the following solutions pr 
incubated for 24 hr: a pterin 1:500 glutamate 1:200 
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1:500 glutam 


; leukaemic cells giutar 2 Abbrev 


olutions in Tyrode for 


ypterin 1:500 


00 -; leukaemic cells 


Abbreviations as in Fig 
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TABLE 4. PROTECTION OF AMINOPTERIN BY GLUTAMATE OR p-AMINOBENZOYLGLUTAMATE 


(P.A.B. GLUT.) AGAINST THE INACTIVATION BY LEUKAEMIC CELLS 
Distribution of mitotic phases in the test cultures 15 min. after application of the solutions 


: No. of No. of 


(1) Tissue controls 
(a) leuk. cells + glutamate 20 48 14 18 124 
(b) leuk. cells + p.a.b. glut. 


4 


(2) Aminopterin controls 


(a) aminopterin + gluta- 

mate 12 65 3 20 991 6 
(b) aminopterin + p.a.b. 

glut. 3 


(3) Leuk. cells + aminopterin 11 50 19 20 982 Ss 


(4) Leuk. cells + aminopterin 
glutamate 


(5) Leuk. cells + aminopterin 
p.a.b. glut. 12 65 4 19 1653 15 


Groups (4) and (5) show the protection of aminopterin against inactivation by 
leukaemic cells in the presence of glutamate or p.a.b. glut. The test cultures of these 
two groups show the typical aminopterin effect, i.e. arrest of mitoses in metaphase 
All fluids were supplemented with phosphate and were incubated for 24 hr. The 
concentrations used were: aminopterin 2-0 or 2-5 mg/ml, glutamate or p.a.b. glut. 5 


mg/ml, mouse leukaemic cells 25 mg/ml. Abbreviations as in Table 2. 


DISCUSSION 


A variety of normal tissues convert aminopterin into an inactive substance in the 
course of 20-24 hr, so that cells exposed to this form of aminopterin go through cell 
division unimpaired and can make full use of their endogenous folinic acid. Cells 
which have inactivated aminopterin can be arrested again in mitosis by a second 
application of aminopterin. This indicates that the cell still requires folinic acid 
for mitotic division.’ *~*.? The inactivation of aminopterin leads to an apparent 
resistance of cells to the action of the inhibitor. This aspect is of importance in 
interpreting biological and biochemical observations when the function of folinic 
acid and its derivatives is investigated by means of folic acid antagonists over a period 
of several hours or days. The case of leukaemic cells which are either resistant to 
folic acid antagonists like aminopterin or A-methopterin from the onset or become 
so in the course of treatment, makes the question of the mechanism by which this 
resistance is achieved particularly relevant. 

As to the nature of the inactivation of aminopterin by red blood cells and leukaemic 
cells it must be stressed that the hypothesis advanced in this paper cannot be more 
than a working hypothesis, that inactivation is brought about by a ring closure of the 
terminal glutamic acid of the aminopterin molecule. Further work will show whether 
this hypothesis is tenable or not, but no evidence could be obtained for any of the 
well-known mechanisms of detoxication. 

The following facts concerning the process of inactivation can be stated and are 
consistent with the assumption that the site of inactivation may be localized in the 
glutamic acid moiety of the aminopterin molecule. (1) The inactive form is labile and 
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can be reactivated by brief exposure to either mild acid or alkali at room temperature 
(2) the u.v. absorption spectrum of aminopterin and its inactive form cannot be 
distinguished. (3) There is a significant difference in the Mg content of the magnesium 
salts of aminopterin and its inactive form. (4) The 4-aminopteroylaspartic acid 
analogue is not attacked in the same way as the two other antagonists investigated. 


In view of this observation, it may be worth re-investigating the clinical effectiveness 


this compound which was tried about 10 years ago* but was superseded by the 


re ellective per mg. (5) Since glutamate and p-aminobenzoy)l- 
{t amimopterin in vitro against inactivation by mouse leukaemic 
incubation, experiments will now be undertaken to find out 


‘tective mechanism can be invoked in the treatment of acute 


ypterin or A-methopter 
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Abstract—5-Chlorodeoxyuridine (CIUDR) was synthesized for the purpose of com- 
paring its inhibitory properties with 5-fluorodeoxyuridine (FUDR), 5-bromodeoxy- 
uridine (BrUDR) and 5-iododeoxyuridine (IUDR). With Escherichia coli K 12 as the 
lest Organism, it was found that FUDR was about 4000 times more effective than 
CIUDR whicl urn, was nine times more effective than BrUDR for inhibiting 
growth of the bacteria to 50 per cent of a control. [UDR was not inhibitory to growth 
of E. coli K 12. Low concentrations of CIUDR, BrUDR or IUDR strongly potentiated 
the inhibitory effect of FUDR in E. coli over a 200- to 300-fold concentration range by 
lymiting the utilization of thymidylate for DNA synthesis. Stimulation of growth with 
higher concentrations of CIUDR, BrUDR or IUDR in the presence of FUDR indi- 


cates that these halogen derivatives serve as thymidine substitutes for DNA synthesis 


INTRODUCTION 

AN INTERESTING feature of the inhibitory effects of 5-bromodeoxyuridine (BrUDR),§ 
5-fluorodeoxyuridine (FUDR) and 5-iododeoxyuridine (LUDR) on nucleic acid 
metabolism is that the nature of the halogen in the 5-position of the pyrimidine 
influences markedly the effectiveness and type of inhibition produced by the deoxy- 
nucleoside derivatives. FUDR inhibits DNA synthesis by blocking the methylation 
of deoxyuridylate to thymidylate,'» whereas Br UDR*: 4 and [UDR’ inhibit incorpora- 
tion of thymine compounds into DNA. In addition, 5-bromouracil,*~* 5-chlorouracil® 
and 5-iodouracil®: * replace thymine of DNA, while 5-fluorouracil,’: *!° and to a 
lesser extent 5-chlorouracil,"’ are incorporated in place of uracil into RNA. 

5-Chlorodeoxyuridine (CIUDR) was prepared to make possible additional com- 


parisons of the inhibitory effects of 5-halodeoxyuridine derivatives. CIUDR has been 


identified previously as a constituent of DNA from bacteria grown in the presence of 


13 


5-chlorouracil.* 

Escherichia coli K 12 was chosen as a test organism for the comparative studies 
because FUDR, CIUDR or BrUDR inhibit growth of this strain which does not 
require exogenous pryrimidines for growth. Therefore inhibitory effects of the 
halodeoxyuridine compounds may be assumed to be the result of interference with 


* Supported by a grant from the U.S. Public Health Service No. C-2373 (C3) 
Present address, Department of Chemistry, Los Angeles State College, Los Angeles 32, California 
Taken in part from the thesis submitted by Bessie Huang to the Faculty of the Graduate School 
of Southern California, in partial fulfillment of the requirements for the Master of Science Degree in 
Biochemistry and Nutrition. Supported by a training grant by the USPHS 
$ The abbreviations used are: BrUDR, 5-bromo-2’-deoxyuridine; CIUDR, 5-chloro-2’-deoxy- 
uridine; FUDR, 5-fluoro-2’-deoxyuridine; IUDR, 5-iodo-2’-deoxyuridine; RNA, ribonucleic 
acid: DNA, deoxyribonucleic acid. 
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intermediates arising de nove rather than with intermediates of “salvage” pathways of 


synthesis, such as the conversion of pyridimidine nucleosides to the corresponding 


5'-phosphates 


MATERIALS AND METHODS 


Vate rials 

Deoxyuridine, deoxycytidine, uridine, cytidine, orotic acid, thymidine, thymidine-5’- 
phosphate and IUDR were purchased from the California Corporation for 
Biochemical Research, Los Angeles. FUDR was obtained through the courtesy of the 
Cancer Chemotherapy National Service Center, Bethesda, Maryland. BrUDR was 


synthesized by methods previously described."* CIUDR was prepared as described 


bel Ww 


5-( hlorode OXVUI 

Powdered deoxyuridine (5-25 g, 0-023 mole) was dissolved in 300 ml of glacial acetic 
acid at room temperature. A 10°, excess of dry chlorine in 200 ml of cold anhydrous 
carbon tetrachloride was added and the solution allowed to stand overnight. After 
removal of the solvents by lyophilization, the residue was deacetylated in 400 ml of 
anhydrous methanol containing from 10 to 15°, anhydrous ammonia Hydrolysis 
was complete upon standing at room temperature for 3 days. The volume was reduced 
to 30 ml and crystallization was induced by addition of ethyl acetate until the solution 
became cloudy. The crystalline product which appeared upon standing was recrystal- 
lized from absolute ethanol. The white crystals, 1-95 g¢ (30 per cent yield), melted at 
178-179-5 C (uncorrected). The A of maximum and minimum absorption was 278 mu 
and 239 my, respectively, at pH 7 (aay; max., 10-06 0") 

inal. Caled. for CygH,,O;N,Cl: C.41-15; H, 4:22: N, 10-67. Found: C. 41-05: 
H, 4:06; N, 10-9] 


Assay Methods 

The halodeoxyuridine compounds were assayed with E. coli K 12 in a glucose salts 
medium using methods previously described.'® The tubes were incubated at 37 °C for 
18 hr, at which time growth of the controls was maximal. Growth was measured as 
turbidity in a Klett-Summerson photoelectric colorimeter (filter no. 66). All determina- 


tions were run in duplicate or triplicate. 


RESULTS AND DISCUSSION 


The growth response of FE. coli K 12 to increasing concentrations of FUDR. 
CIUDR, BrUDR and IUDR is summarized in Fig. 1. Comparison of the concentra- 
tions of the analogs which limit growth to 50 per cent of a control reveals that FUDR 
is about 4000 times more inhibitory than CIUDR which, in turn, is about nine times 
more active than Br UDR. [UDR was not inhibitory at concentrations up to 2000 uM. 
Complete repression of growth for an 18-hr period was produced by 0-08 «M FUDR 
or 1600 «M CIUDR, but 2600 «M BrUDR caused only partial inhibition. Growth 
was completely suppressed for an indefinite period by 3 «M FUDR. whereas 
2600 »M CIUDR did not inhibit growth during longer incubation periods. 
5-Chlorouracil, 5-bromouracil or 5-iodouracil were not inhibitory. 
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Several pyrimidine compounds known to participate in the biosynthesis of nucleic 
acids were tested for their ability to reverse the growth inhibition of E. coli K 12 by 
CIUDR or FUDR (Figs. 2-4). Such inhibition reversal studies are often not informa- 
live in determining the nature of inhibitory action. However, since FUDR, [UDR and 


BrUDR have been studied extensively and known to have inhibitory actions at specific 
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Fic. 1. Comparison of the inhibitory effect of 5-fluorodeoxyuridine (FUDR). 5-iododeoxyuridine 
(IUDR), 5-bromodeoxyuridine (BrUDR) and 5-chlorodeoxyuridine (CIUDR) on the growth of 
E. coli K 12. Incubated at 37 °C for 18 hr in a glucose—salts medium 
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Fic. 2. Comparison of the effectiveness of various pyrimidine compounds in reversing the growth of 


E. coli K 12 in the presence of 0-5 «M 5-fluorodeoxyuridine. Incubated at 37 °C for 18 hr ina glucose 


salts medium. 


metabolic sites, it was expected that interpretation of reversal data in the presence of 
CIUDR would be more specific than is usually possible. 
It is apparent from the data of Figs. 2-4 that cytosine and uracil ribonucleosides or 


deoxyribonucleosides are effective to a variable extent in reversing the inhibitory 
effects of CIUDR or FUDR. No valid interpretations can be made from the fact that 
differences were observed in the effectiveness of these nucleosides in reversing inhibi- 
tion because facile interconversions are possible. For example, cytosine compounds 
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may be converted to uracil compounds by deaminases, and deoxynucleosides may be 
precursors of ribonucleotides by a prior cleavage to uracil with deoxynucleoside 
phosphorylase. The relative rates of these reactions in vive are not known. In addition 


it is probable that the halodeoxyuridine compounds inhibit to a variable extent the 


C ectiveness of pyrimidine con pounds for reversing the growth of / 
f 800 uM 5-chlorodeoxyuridine. Incubated at 37 ¢ for 18 hr in a glucose 


salts medium 
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Fic. 4. Reversal of / i K 12 growth by uridine at two concentrations of 5-chlorodeoxvurid ne 


Incubated at 37 C for 18 hr in glucose-salts medium 


conversion of the reversing agents to compounds of the nucleotide pool. At a con- 
centration of FUDR which is about six times the minimum concentration for com- 
plete inhibition, thymidine is a relatively ineffective reversing agent (Fig. 2). It is 
apparent from Fig. 3 that thymine, thymidine and thymidylic acid are ineffective 
reversing agents at a concentration of CIUDR which does not produce complete 


inhibition. Deoxyuridine, uridine, deoxycytidine and cytidine reverse the inhibition of 
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CIUDR to approximately that of control growth (Fig. 3), but as shown in Fig. 4 
reversal with uridine is not competitive. 

Thymine compounds do not undergo the facile interconversions mentioned above. 
For this reason, and since FUDR,': Br UDR®*: * and LUDR® are known to inhibit 
metabolism of thymine compounds, the effectiveness of thymidine for reversing 
inhibitions produced by halodeoxyuridine compounds was of interest. In the presence 
of 0-061 «M FUDR, which allows 2 per cent of control growth, thymidine is an 
effective reversing agent, but at higher concentrations of FUDR (0-5 uM) thymidine 
produced only a slight reversal effect (Fig. 5). These results support previous data! 2 


0.061 MOLES FUDR 


60 80 100 
WU MOLES OF THYMIDINE 


Fic. 5. Reversal of E. coli K 12 growth by thymidine in the presence of various concentrations of 


5-fluorodeoxyuridine (FUDR). Incubated at 37 ‘C for 18 hr in glucose-salts medium. 


indicating that the primary effect of FUDR on E. coli growth is the inhibition of 
thymidylate synthetase. The additional inhibitory effects, which probably are the 
result of interference with RNA metabolism by prior cleavage to fluorouracil,? can be 


overcome with either uracil or cytosine nucleosides (Fig. 2). 


Fig. 6 summarizes the effectiveness of thymidine as a reversal agent in the 
presence of CIUDR. At 800 »M CIUDR, thymidine had no effect. Only partial 
reversal was produced by thymidine in the presence of 200 «M CIUDR which allowed 
about 30 per cent of control growth. From this it may be concluded that, if CIUDR 
inhibits thymidylate synthetase or thymidylic acid utilization, there are additional 


sites of inhibition at this concentration. The lack of a good growth response to thymi- 
dine in the presence of uridine and 800 «M CIUDR (Fig. 6) substantiates the above 


conclusion. 
Since bromouracil, chlorouracil and iodouracil are incorporated into DNA in 


place of thymine under conditions of thymine deficiency,” it was of interest to deter- 
mine the effect of the corresponding nucleoside derivatives on growth of E. coli K 12 
in the presence of a low concentration of FUDR which specifically limits thymidylate 
synthesis (Fig. 5). At these conditions it is reasonable to expect that BRUDR, CIUDR 
or LUDR would be incorporated into DNA to a greater extent than in the presence 
of an uninhibited supply of endogenous thymidine phosphates. Furthermore, since 
FUDR limits thymidylate synthesis,':* and Br UDR*: * or LUDR?® inhibits thymidylate 
utilization, it seemed logical to predict that a combination of FUDR with BrUDR or 
IUDR would act synergistically as growth inhibitors. It was therefore of interest to 
compare the effects of various concentrations of CIUDR, IUDR and BrUDR on 
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growth and viability of £. coli in the presence of a low concentration of FUDR which 


limits thymidylate formation selectively’: * (Figs. 7 and 8). 

Fig. 7 summarizes the data obtained from the use of a combination of CIUDR 
and FUDR. Almost identical results were obtained by substituting BrUDR or 
IUDR for CIUDR (Fig. 8). At a concentration of FUDR (0-034 uM), which allows 
97 per cent maximal growth, 0°03 1M to 10 «M CIUDR, LUDR or BrUDR inhibited 


EOXYURIDINE 
AND 80C 


@-800 UMOLE 


OC 
TER THYMIDINE 
growth by thymidine in the presence of 5-chlorodeoxyuridine. 


C for 18 hr mm glucose-—salts medium. 


Effect of \ concentrations of 5-c 
sorodeoxyurid (FUDR) on growth and viability of &. Coli K 12. Incubated at 37 °C for 


18 hr in glucose—salts medium 


lorodeoxyuridine (CIUDR) in the presence of 0-034 


growth completely and cell viability was reduced to about | per cent of the inoculum 
Thus, although [U DR alone does not inhibit growth of E. coli K 12 at concentrations 
up to 2000 uM, it is a very potent inhibitor in the presence of FUDR which allows 
97 per cent control growth. Similarly, CIUDR or BrUDR completely inhibit growth 
over a 200- to 300-fold concentration range (Figs. 7 and 8) 

One »M thymidine or 10 «M thymine completely reversed the inhibitory 
effect of the combined halonucleosides. Viability and turbidity were also restored to 
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control growth by concentrations of CIUDR, BrUDR or IUDR above 10 uM. 
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Thus, ClIUDR, BrUDR or LUDR at low concentrations in combination with FUDR 
are potent inhibitors of growth and viability over a 200- to 300-fold concentration 
range, whereas higher concentrations of the same analogs reverse this effect (Figs. 7 
and 8). 

The synergistic effect on growth (Fig. 8) is consistent with activities of FUDR.': 2 
BrUDR*:* and LUDR,* which block sequential reactions of thymine nucleotide 
metabolism. Br UDR or LUDR, which are known to inhibit thymidylate utilization, 
are relatively poor inhibitors of E. coli K 12 growth when they are not used in combina- 
tion with FUDR (Fig. 1). This ineffectiveness may be due to a rapid de novo synthesis 


TER THYMIDIN 


Fic. 8. Effect of various concentrations of 5-bromodeoxyuridine (BrUDR) or 5-iododeoxyuridine 
(IUDR) in the presence of 0-034 «M 5-fluorodeoxyuridine (FUDR) on growth of E. coli K 12 


Incubated at 37 C for 18 hr in glucose-salts medium 


of thymidylate. However, when thymidylate is limited by a concentration of FUDR 
which allows 97 per cent control growth, BrUDR or IUDR are potent inhibitors. 
It may be concluded that the combination of BrUDR and FUDR or IUDR and 
FUDR specifically limits the availability of thymine nucleotides for DNA synthesis 
since thymine or thymidine reverse the inhibitory effect completely 

The effects of CIUDR (Fig. 7) are almost identical to those produced by BrUDR 
or IUDR (Fig. 8). By analogous reasoning it may be concluded that CIUDR also 
inhibits utilization of thymidylate. From Fig. 3 it is apparent that CIUDR causes 
additional inhibitory effects which are reversed with uracil or cytosine nucleosides 
but not thymidine. These effects are not produced by a prior cleavage of CIUDR to 
5-chlorouracil, since the latter compound, in contrast to 5-fluorouracil, does not 
inhibit E. coli K 12. 

The observation that higher concentrations of CIUDR, BrUDR or IUDR (Fig. 7 
and 8) circumvent both inhibitory effects and produce growth, suggests that these 
5-halopyrimidine compounds substitute for thymine nucleotides in DNA synthesis. 
If this interpretation is correct, it may be concluded that substitution of the 5-halo- 
pyrimidines for thymine in DNA does not have a permanent lethal effect on the 
viability of a substantial population of the cells. This conclusion is consistent with the 
data of Zamenhof and Griboff’ who found that from 17 to 19 per cent incorporation 
of 5-bromouracil into £. coli can occur without affecting the speed of cell division. 
A variable tolerance of tumour cells to replacement of thymine by 5-bromouracil 
has been demonstrated by Hakala’® who found that the replacement limit in HeLa 
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cells is about 50 per cent and in mouse fibroblasts greater than 80 per cent. The similar 
effectiveness of CIUDR, BrUDR and [UDR in replacing the thymine requirement 
for growth suggests that chlorouracil, iodouracil and bromouracil are comparable 
in serving as non-lethal substitutes for DNA thymine 

It is unlikely that conditions (Figs. 7 and 8) are ideal for continued incorporation 
of unnatural bases into DNA during the entire 18-hr incubation period. As the numbers 
of cells increase, the conversion rate of nucleoside derivatives to free bases by nucleo- 
side phosphorylase increases. Thus, as growth proceeds, it would be expected that the 
concentration of FUDR would drop? to a level which does not inhibit thymidylate 
formation. As endogenous thymidylate becomes available, incorporation of CIUDR, 
BrU DR and [UDR would be expected to decrease. This does not detract from the 
conclusion that growth ts probably stimulated (Figs. 7 and 8) by incorporation of the 
halonucleosides into DNA in place of thymidylate during the first few hours of 
incubation 

It is probable that FUDR owes its anti-tumor activity to the fact that it produces 
cell death because of its primary action on thymidylate synthesis, thus producing a 
chemically-induced “thymidineless death” of rapidly dividing cells.'7 The present 
data show that in £. coli K 12 a relatively narrow concentration range of FUDR is 
effective for limiting thymidylate synthesis, without at the same time inducing other 
inhibitory mechanisms (Fig. 5). A thymidine-less condition is produced by a low 
concentration of FUDR in combination with CIUDR, BrUDR or BrUDR over a 
wide range of the latter compounds. This combination of inhibitors completely 
inhibits £. co/i multiplication over 200- to 300-fold concentration range without 
inhibiting reactions other than those involving thymidylate formation or utilization 


Under these conditions, DNA synthesis is limited specifically by an inadequate supply 


of thymine compounds and cell death as well as growth inhibition occurs (Fig. 7) 


At higher levels of CIUDR, BrUDR or LUDR in combination with FUDR. an 


entirely different eflect may occur; namely cell death by incorporation of CIUDR, 
IUDR, or BrUDR into DNA." These conditions offer interesting possibilities for 


chemotherapy investigations 
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SHORT COMMUNICATIONS 


Effect of 1-aminocyclopentanecarboxylic acid on amino acid utilization in various 
bacterial test systems 


(Received 8 July 1960) 


1-AMINOCYCLOPENTANECARBOXYLIC acid has received considerable attention beceuse cf its ability 
to inhibit the growth of mouse sarcoma-180,' carcinoma-755 ' and Novikoff rat hepatoma.* It was 
submitted to the Cancer Chemotherapy National Service Center by Dr. C. I. Noll of Pennsylvania 
State University for testing and was assigned the Code Number NSC-1026.* Though clinical trials 
with NSC-1026 were disappointing, the possibility existed of finding new and closely related com- 


pounds with improved effectiveness. Recently a number of structures closely related to NSC-1026 


have been synthesized and tested against carcinoma-755, sarcoma-!80 and leukemia-1210.4 Almost 
without exception these derivatives were found to be ineffective. The specificity of the parent com- 
pound posed a problem of its mechanism of action 

Because of structural similarity between natural amino acids and NSC-1026, it was tested for the 
ability to interfere with amino acid utilization of 17 amino acids in a number of bacterial test systems 
The amino acids studied were those commonly found on analysis of normal mouse and tumor 


tissues 

Several bacterial test systems were employed,®~'* each of which had a specific requirement for the 
amino acid against which NSC-1026 was tested. Table | presents the bacteria used, a reference to the 
basal medium, the maximum ratio tested of “antagonist” to amino acid, and the effects noted 

The bacterial cultures were provided a complete nutrient medium with sufficient amounts of the 
amino acid under test to allow approximately one-half maximum growth. A growth antagonist would 
reduce the growth rate below the half-maximal level if it interfered with the utilization of the particu- 


lar amino acid in question. If growth exceeded the half-maximal level in the presence of the antagonist 


TABLE |. Errecr OF 1-AMINOCYCLOPENTANECARBOXYLIC ACID ON THE UTILIZATION OF SEVENTEEN 
AMINO ACIDS BY BACTERIA 


Maximum Effect on Reference to 

weight ratio utilization method and 
Test organism Amino acid of drug to of medium 

amino acid amino acid used 


Lactobacillus delbrueckii LDS L-phenylalanine None (8) 
Lactobacillus delbrueckii LDS L-aspartic ; None (6) 
Leuconostoc mesenteroides P-60 L-aspartic None 
Streptococcus faecalis L-isoleucine None 
Streptococcus faecalis L-valine None 
Streptococcus faecalis L-tyrosine None 
Streptococcus faecalis L-histidine 2 None 
Streptococcus faecalis L-arginine None 
Streptococcus faecalis L-threonine None 
Streptococcus faecalis L-methionine 2 None 
-iryptophane None 
-leucine None 
-glutamic stim. 25° 
-cystine 5 None 


Streptococcus faecalis I 

Lactobacillus arabinosus 17-5 I 

Lactobacillus arabinosus 17-5 

Lactobacillus arabinosus 17-5 i 

Lactobacillus arabinosus \7-5 L-serine None 
Leuconostoc mesenteroides P-60 L-lysine None 
Leuconostoc mesenteroides P-60 L-proline None 
Leuconostoc mesenteroides P-60 L-glycine - stim. 20°, 
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it would be presumed that the antagonist was being metabolized in place of the missing amino acid 
Growth was measured by titration of the acid formed in the culture 

An examination of the results in column 4 of Table | shows that under the test conditions used, 
NSC-1026 did not function as an antagonist of any of the 17 amino acids. In the case of Lactobacillus 
arabinosus 17-5 with L-glutamic acid, and Leuconostoc mesenteroides P-60 with glycine, there was 
evidence of some utilization of NSC-1026 

Ross* stated “the assumption could be made that NSC-1026 would function as an amino acid 
antagonist since it can be looked upon as an amino acid lacking the usual a-hydrogen atom”. This 


hypothesis is not substantiated by the data presented in this report 


{chnowledgement his work was aided in part by research grant CY-2479 from the National 
Cancer Institute of the National Institutes of Health, U.S. Public Health Service and, in part, by 
the Midwest Research Institute 
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The inhibition of gamma aminobutyric-alpha-ketoglutaric acid transaminase in vitro and 
in vivo by amino-oxyacetic acid 


(Received 15 July 1960) 


THereE is abundant evidence (Roberts and Frankel, 1950; Awapara, er a/., 1950; and Roberts, 1956) 
that y-aminobutyric acid (GABA) is found in high concentrations in the central nervous system 
However, administration of GABA in large doses does not result in increased concentrations of this 
amino acid in brain, presumably because of its failure to cross the blood-brain barrier (Van Gelder 
and Elliot, 1958). Baxter and Roberts (1959) demonstrated that inhibition of y-aminobutyric acid-a- 
ketoglutaric acid transaminase occurred in rats after administration of suitable doses of hydroxyl- 
amine, with concomitant increases of 100 per cent in brain GABA concentrations. This report is 
concerned with aminoOxyacetic acid (AQAA), a more effective inhibitor of this transaminase 

A transaminase preparation isolated from EF. coli ATCC-26 was used for testing compounds as 
potential inhibitors using the following conditions: 40 » moles of GABA, 40 »« moles of a-keto- 
glutaric acid (KGA), 50 « moles of borate buffer, pH 8-2, enzyme sufficient to form from 3 to 4 yu 
moles of glutamate per hr, and water to 1-5 ml. Analysis for glutamic acid was carried out as described 
by Baxter and Roberts (1958). Under these conditions, AOAA inhibited the enzyme 100 per cent at a 
concentration of 3:3 0-*M and 40 per cent at 3-3 10°*M. Further studies with the bacterial 
preparation revealed that the inhibition was competitive for both substrates of the enzyme. When 
tested with a transaminase preparation from brain which, in contrast to the bacterial enzyme, requires 
supplementation with pyridoxal phosphate (Baxter and Roberts, 1958), a 92 per cent inhibition was 
observed at | 10°°M 
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Jakoby and Scott (1959) described a preparation of adaptive enzymes from Pseudomonas fluorescens 
ATCC-13, 430 grown on a medium rich in pyrollidine which, in addition to GABA transminase, 
also has succinic semialdehyde dehydrogenase. This partially purified preparation could be used to 
assay either GABA or KGA, spectrophotometrically, by measurement of TPNH. An analogous 
system was found in E. coli ATCC-26 grown in nutrient broth (Difco) without special addition of 
substrates. An isolation procedure was developed for these enzymes which results in a preparation 
containing from 60 to 70 per cent of the initial activity of sonicates with a 1-5- to 2-fold purification 
This preparation was used for all determinations of GABA in brain, as follows: to a Beckman DI 
cuvette were added 5-0 « moles of 2-mercapto-ethanol, 6:0 » moles of a-ketoglutaric acid, 600 yu 
moles of Tris buffer, pH 8-35, 1-0 mg of TPN, from 250 to 300 units of enzyme, and water to a final 
volume of 3-0 ml. An enzyme unit is defined as that amount of enzyme which will induce a change of 
0-001 per min in the optical density, when assayed with 60 » moles of GABA, in addition to the 
above components 

The rate of reaction was measured at |-min intervals for 5 min at 340 m uw. The reading taken at 
zero-time was subtracted from the reading at 5 min in order to obtain the extent of TPNH formation 
Standard curves in the range of from 0-1 to 0-6 » moles of GABA were linear and the error on known 
standards was less than 3-0 per cent. Brain samples were prepared for analysis in a manner similar 
to that described by Roberts and Frankel (1950). The frozen brains were blended in 10 volumes of 
ethanol—water (75 : 25), and an aliquot of the supernatant fluid from this homogenate was dried 
in vacuo and made up in 0-1 volume of the aqueous ethanol for assay. Of the concentrated extract, 
0-05 ml usually were taken for analysis 

By this means it was demonstrated that AOAA, administered in appropriate dosage to rats, mice, 
cats, dogs, and guinea pigs, elevated brain GABA levels 4- to 5-fold. The peak levels of GABA 
after AOAA administration. Thereafter, the GABA levels declined, but in most species 
24 hr after administration of the inhibitor. As the GABA 


occurred 6 hr 
above-normal levels were observed even 
levels increased after AOAA administration, definite depression of the central nervous system ensued 


This effect is under further study. The GABA levels were confirmed by paper chromatography. 
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Potentiation of carcinostasis by combinations of thioguanine and 6-mercaptopurine* 


(Received 22 August 1960) 


THE carcinostatic purine analogs 6-mercaptopurine and thioguanine are closely related in structure, 
and were at first thought to have similar mechanisms of action.’ However, it has been shown by 
Greenlees and LePage* and Sartorelli e7 a/.* that these drugs differ in their effects on purine metabolism 
in ascites tumors. In addition, their toxic effects are manifested in different tissues.* This report 
presents further evidence of the differences between 6-mercaptopurine and thioguanine by showing 
that combinations of these drugs produce a potentiation of the carcinostatic action. Furthermore, a 
tumor subline developed for resistance to thioguanine is only partially cross-resistant to 6-mercapto- 
purine 


* This work was supported by Contract No. SA-43-ph-3068 with the Cancer Chemotherapy 
National Service Center, National Institutes of Health, and by grants from the U.S. Public Health 
Service (CY-4551) and the Gustavus and Louise Pfeiffer Research Foundation 
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Female Swiss mice, 25-30 g, were inoculated with 2 10° cells of the Ehrlich ascites carcinoma 


or a thioguanine-resistant subline of this tumor which has been described previously." The drugs were 


administered intraperitoneally. Therapy was initiated 24 hr after tumor implantation and daily 


imyections were continued for six days. All data are averages of results from two experiments. 


The results of treatment of Ehrlich ascites carcinoma with eight combinations of thioguanine and 


6-mercaptopurine are presented in Table 1A. Several combinations prolonged the average survival 


Tasie |. TREATMENT OF EHRLICH ASCITES TUMOR LINES WITH COMBINATIONS OF 


THIOGUANINE AND 6-MERCAPTOPURINI 


Average Average 
Dose Kg) survival time 50-day survivors weight change 


Phioguanine nercaptopurine (days) total no. of animals (2) 


(A) Ehrlich ascit 
10-6 
16-0 


=x 


(B) Ehrlich-thiogua sistant subline 
0 0 
0 
0 


Average deviat from mean 
time markedly beyond that produced by any dose of either drug alone. These combinations also 
resulted in mice sur SO days: almost all of the surviving animals were tumor-free at that time 
The thioguanine-res subline of the Ehrlich ascites carcinoma showed some cross-resistance to 
& mercaptopurine ) his resistance was not as complete as that to th Oguanine (T ible 1B) Treat- 
ment with combin ns of thoguanine and 6-mercaptopurine, which showed potentiation in the 
parent line, here showed some increased toxicity 

The mechanism of action of neither of these drugs is known. These biological data, however 
Support implications of other workers that their carcinostatic activity must involve different bio- 
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On the mechanism of the convulsivant effect of hydrazides in mice 


(Received 16 June 1960) 


METHODS 


1. Manometric estimation of glutamic acid decarboxylase activity of the brain Two ml homogenate 
| : 4, 0-067 M phosphate buffer, pH 65; 40 mg Na-glutamate in 0-3 ml distilled water. 37 °C. N, 


atmosphere 


imino acid estimation -Aminobutyric acid (GABA), glutamic acid, aspartic acid. For each 


experiment three mice brains were homogenized with 5 ml 70°, ethanol. Separation of the amino 


acids of the alcoholic extracts by high voltage electrophoresis; direct quantitative estimation on the 
paper with the “Spinco Analytrol” (Beckman) 


RESUI 


It is Known that after the injection of hydrazines': * in convulsive doses the GABA content of the 


TS 


brain is decreased.* The cause is an inhibition of the glutamic acid decarboxylase. The hydrazides 


form hydrazones with the coenzyme pyridoxal-5-phosphate 


(1) Pyridoxine which inhibits the convulsions does not prevent the decrease of the GAB A-content 


of the brain. On the contrary, after simultaneous injections of pyridoxine and hydrazides the fall in 


GABA content was even more pronounced (Table 1), in spite of a normal activity of the glutamic acid 


decarboxylase (Table 2, thiosemicarbazide). The explanation probably is that pyridoxine catalyses the 


Taste 2. Tut EEFECT OF PYRIDOXINE ON THE (71 0/00 INHIBITION OF GLUTAMIC ACID 


ARBOXYLASE ACTIVITY OF THE BRAIN CAUSED BY HYDRAZIDES 


wl. CO, 90 min 


Activity 


Controls 55 100 


Pyridoxine 
50-300 me kg i.m 7 129 


Thiosemicarbazide 
16 mg kg i.m. (CD1IO0 


Thiosemicarbzide 
16 mg/kg i.m pyridoxine 50 mg/kg 55 100 


lsonicotinic hydrazide 
200 mg kg i.m. (CD100) 


Isonicotinic hydrazide 
200 mg kg i.m pyridoxine 300 mg, kg 
(simultaneously) 


lsonicotinic hydrazide 
200 mg/kg i.m Pyridoxine 300 mg kg 1Y 35 
(30 min before INH) (—65) 


The mice were sacrificed 60 min after the injection of hydrazides (45 min after 


injection of INH). 


transamination between GABA and a-ketoglutaric acid more strongly than the decarboxylation of 


glutamic acid 


It is concluded that the seizures are caused not by the actual decrease in brain GABA, but rather 


by the reduced turnover in the glutamic acid-GABA-a-ketoglutaric acid metabolism 


(2) Seizures caused by isonicotinic acid hydrazide (INH) were not prevented by pyridoxine (Py) 


Simultaneous administration of pyridoxine reduced the inhibition of decarboxylase by INH; if Py 
was injected 30 min before INH, it enhanced the inhibition (Table 2). After high doses of Py-5- 
phosphate the INH-seizures occurred earlier than after INH alone. 
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It is concluded that Py and Py-5-phosphate are not merely biochemical antagonists of INH, but 
can potentiate the action of INH, perhaps by facilitating the penetration of INH into the brain 
across the blood-brain barrier. 

Nicotinamide (400-500 mg/kg) abolished the seizures caused by INH (200-250 mg/kg) in 50 per 
cent of the experimental animals. 


TABLE 3. THE EFFECT OF RESERPINE ON THE GABA-CONTENT OF THI 
BRAIN AND THE THRESHOLD OF ELECTROSEIZURES IN MICE 


Numbers Numbers y-Aminobutyric acid threshold for 
of of Glutamic Aspartic electro- 
mice exp umole g signifi- acid acid seizures 
(n) de- ance (umole/g) (umole/g) (100 Hz, 
crease 5 msec, 


> sec) 


Controls 38 4-33 0-11 5S mA 
(n 10) 


Reserpine 2°42 3 7 0-38 10-25 mA 
5 mg/kg s.c (n= 10) 
3 hr before 

injection 


(3) The sonic component of hydrazide induced seizures was abolished when the dopamine 
content of the brain was raised by the injection of iproniazid (100 mg/kg i.m.) and t-DOPA (100 
mg/kg i.p., 2 hr before). This may explain why low doses of pyridoxine (18 mg/kg) antagonized the 
convulsive action of isopropylhydrazine (400 mg/kg), although they had only a weak effect on the 
inhibition of glutamic acid decarboxylation: isopropylhydrazine is a potent inhibitor of monoamine 
oxydase. 

(4) Doses of reserpine which decreased the threshold for electroshock, diminished the content of 
GABA in the brain, but not that of glutamic and aspartic acid (Table 3). 


(The results of our experiments will be published in exitenso in Naunyn-Schmiedeberg’s Arch 
exp. Path. Pharmak.) 
Pharmacological Institute of the University of Frankfurt/M H. BALZER 
P.HOLTZ 
D. PALM 
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ARYLESTERASES IN BLOOD: EFFECT OF CALCIUM 
AND INHIBITORS 


E. G. Erpés, C. R. DeBpay and M. P. WesteRMAN 


Mellon Institute, Pittsburgh 13, Pa., and Department of Medicine, 


University of Pittsburgh, Pa 
(Received 11 April 1960) 


Abstract—(1) The normal functioning of human serum arylesterase requires the 
presence of calcium. An enzyme in human plasma fraction IV-1 is probably identical 
with serum arylesterase. The activity of arylesterase is accelerated by calcium, inhibited 
by various chelating agents, metal ions, SH-reagents, and competitively and reversibly 
inhibited by the ionized form of 1-phenyl-2-hydrazinopropane. The p-isomer of this 
compound is more effective than the L-isomer. In contrast to results with arylesterase, 
the racaemic form of this agent accelerated the hydrolysis of phenyl acetate by human 
plasma cholinesterase. The best inhibitors of arylesterase were the rare earths, some 
of them active in the order of 10-" M. Under the experimental conditions used calcium 
chloride protected the enzyme partially or fully against the inhibition and against loss 
of activity during dialysis 

(2) Swine serum contains an ary!esterase with properties similar to those of human 
serum 

(3) The human red blood cell and serum arylesterase are not identical. 


ALpriDGE': * described in 1951-1953 the existence of an A esterase in mammalian 
blood sera. This enzyme hydrolyzes p-nitrophenyl acetate and diethyl p-nitropheny! 
phosphate. It is probably identical with the aromatic esterase (Ae)* of Mounter and 
Whittaker® which is mainly responsible for the hydrolysis of PA in human plasma. 
The aryl (aromatic) esterase and the cholinesterase, the other enzyme in human plasma 
which can use the same substrate, were separated electrophoretically by Augustinsson* 
and by Marton and Kalow.® The dependence on calcium of the Ae as well as its 
inhibition by various agents was described by Erdés er a/.* Some of the experiments 
given here in detail were summarized in the same article. 


MATERIALS AND METHODS 


The majority of the experiments were carried out in a Cary no. 11 recording u.v. 
spectrophotometer using a modification of Zeller’s’ method. The instrument was 
equipped with a 0-2-4 and with a 0-0-1 slide wire assembly, which increased the 
extent of registration on the chart paper twenty-four-fold. Four-milliliter absorption 
cells were used with a 10-mm light path. The temperature was kept constant at 27 °C 
and the concentration of PA was | « 10-* M. Generally, activators or the inhibitors 
were pre-incubated for 5 min at 27 “C with the enzyme. The recording of the increase 


* Abbreviations: Ae = aryl (aromatic) esterase; PA phenyl acetate; tris = tris-hydroxymethyl- 
aminomethane; A = Angstr6m; EDTA, Ca-EDTA, Mg-EDTA, Zn-EDTA = sequestrene: disodium 
ethylenediamine tetraacetic acid and its Ca, Mg, and Zn complexes; JB516 = dl-1-phenyl-2- 
hydrazinopropane DFP = diisopropylfluorophosphate. 
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im optical density started 30 sec after mixing the substrate and the enzyme. A 0-025 M 
tris buffer of pH 7-3 was employed. (The activity of the serum was markedly less in a 
phosphate buffer.) The hydrolysis was followed for 5-10 min; the results were calcu- 


lated from the steady rates. Fig. | shows the changes in optical density during 


lysis of | 10-* M PA by the Ae in fraction IV-1 of human plasma. The 
spectrophotometer was scanned at a rate of 10 A/sec. The initial 
phenol) absorption spectra are marked A and B, respectively. In 

tudies a wavelength of 2800 A was used 


tf hydrolys pheny! acecta arylesterase. A is the initial, 


B the fin 


Unlike the spectrophotometric technique, which measured the rate of hydrolysis of 


PA by determining the amount of phenol liberated, control studies assayed the amount 
of acid released by the enzymes. Here a Warburg manometric apparatus or a Radio- 


meter automatic recording titrator was employed at 27 “°C. With the conventional 


, Solution of 0-031 M and a substrate concentration of 


manometric method a NaHCO. 
4 10-* M were used time of pre-incubation was 20 min 


In the titrator enzyme was assayed in 10 ml of NaCl solution, 0-025 M, by 


maintaining a constant pH (7-4), with 0-O1 N, or in the red blood cell experiments: 
with 0-02 N NaOH. The concentration of substrate was | 10°? M 

In the earlier part of the investigation, human plasma, later pooled normal hun an 
serum, was used with similar results. During the experiments with the spectropnoto- 
meter a stock solution of serum in tris (1 : 100 v/v) was kept in an ice bath; subsequent 
dilutions were made 5-10 min before starting the reaction. The final dilution of serum 
was | : 2000 v/v with this technique; it was 1 : 1000 v/v with the manometric method 
At this dilution only a negligible amount of PA was hydrolyzed by the cholinesterase 
present in the sera of healthy donors. The results with some sera were discarded 


because the preparation of the enzyme became unstable. 
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Human plasma fractions were obtained from the Protein Foundation, Inc. and 
from Cutter Laboratories. Swine serum was pooled from ten pigs (Colorado Serum 
Company). Swine plasma fractions were purchased from Pentex Corporation. The 
activity of plasma fractions was determined in a manner similar to that of human 
serum. The source of purified human plasma cholinesterase was fraction IV-6-1-2 
(Cutter Laboratories), which is equivalent to Cohn fraction IV-6-3. Human red blood 
cells were washed three times in physiological saline and haemolyzed in distilled 
water. The final dilution of packed red blood cells was 1 : 60 v/v. 

Dialysis experiments were carried out in an Oxford multiple dialyzer with Visking 
seamless cellulose tubing. The tubes contained 5 ml of enzyme solution which was 
dialyzed against 4 |. of tris of pH 7-4 at 2~4°C. When indicated in the tables, EDTA or 
Ca-EDTA was added to this solution of enzyme. The activity of dialyzed Ae was 
compared with a sample stored in the refrigerator. During the 40-hr dialysis run, 
three changes of buffer were used. The dilutions of enzymes in tris in the dialysis 
tubes or during storage were: human serum, 1 : 10 v/v: fraction IV-1, 5 mg/ml; 
swine serum, | : 10 v/v. The final dilutions in the spectrophotometer were: human 
serum, | : 2000 v/v: fraction IV-1, 0-05 mg/ml; swine serum, | : 400 v/v. 

When the enzyme was dialyzed against calcium, the same concentration of calcium 
chloride was used inside and outside the dialysis bags 


RESULTS 
Human serum Ae 

|. Effect of chelating agents and calcium. Our interest in the role of calcium in Ae 
Stems from the observation that EDTA, added to prevent the coagulation of blood 
samples, inhibited Ae without affecting the activity of cholinesterase. EDTA at a 
concentration of 2-5 10° M inhibited the enzyme completely in the spectro- 
photometer. On the other hand, EDTA in concentrations less than 10-° M 
enhanced the enzymic activity. We attribute this activation to the binding of an 
inhibitor present in our system. The character of the inhibition was further explored 
with the help of various sequestering agents. It is known that, to an extent largely 
determined by their respective stability constants (K),* cations can replace each other 
in the EDTA complex. Thus, for example, Ca** (log K 10-6) can replace Mg? 
(log K = 8-7). Accordingly, in ow experiments Mg-EDTA inhibited to approximately 
the same degree as EDTA, possibly through exchanging Mg** for Ca?* in the system. 
Conversely, Zn-EDTA (log K 16-6) was an ineffective inhibitor. Calcium-EDTA 
also did not inhibit, but accelerated about 50 per cent in the 10-*-10-> M range. 
Chel DP (ethylenediamine di (( )-hydroxyphenyl acetic acid)) which has little tendency 
to co-ordinate with alkaline earth ions (log K for Ca? 1-6) was similar to Ca- 
EDTA. Chel DM (hydroxyethyl ethylenediamine triacetic acid) is. on the other hand, 
a good inhibitor. Its log K for Ca®* is 8-0, and it inhibits Ae 90 percentataS x 10°-5M 
concentration. Sodium citrate (see Fig. 2) also inhibited at a somewhat higher 
concentration (/,5 = 7 10-* M). 

The inhibition of the enzyme by EDTA could be reversed by the addition of 
gelatin, ashed gelatin, or calcium to the system. These agents also accelerated the 

* The stability constants of the chelating agents do not show the actual values under the present 


experimental conditions, but were taken from the literature to compare them against each other under 
identical conditions. 
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hydrolysis of PA. The various sera or plasma samples were accelerated by Ca** to 
varying extents. Experiments with nineteen different enzyme preparations gave a 
mean value of 83 per cent (s.e. 9) acceleration by | 10-* M CaCl.. 

When a | 10-* M CaCl, solution was rapidly added into the absorption cell of 
the spectrophotometer, which already contained 5 lO?’ M EDTA, enzyme and 
substrate, the inhibition gradually decreased and up to 70 per cent of the normal 
activity was restored. When MgCl, was used instead of CaCl,, the reactivation was 


negligible 


2. Effect of dialysis. The importance of calcium was also seen in dialysis studies 
Table | summarizes the results with human serum Ae. On the average, the activity 
of the enzyme decreased 65 per cent during the dialysis, but it was partially restored 
by adding calcium to the solution of enzyme. When the dialysis tube contained EDTA 
at the beginning of the dialysis, 94 per cent of the activity disappeared and calcium 
did not reactivate the enzyme. This indicates that the removal of calcium from the 
protein led to irreversible changes. Storing the enzyme with EDTA also abolished the 
activity. When the enzyme contained Ca-EDTA, the activity decreased during dialysis 
somewhat less than the control and increased during storage. Finally, the enzyme 


remained stable when dialyzed against | 10-* M CaCl. 


TABLE |. EFFECT OF DIALYSIS ON HUMAN SERUM ARYLESTERASI 


Activity in the presence of 


EDTA Ca-EDTA 


Enzyme* 10-* M CaCl, | 10-* M CaCl, 10-* M CaCl, 


I (stored) 00 177 | 16 153 204 
Il (dialyzed) 35 73 6 6 44 74 
(dialyzed)? 157 


* Human serum was stored (1) or dialyzed (II, Il) against tris for 17 hr. The concentration of 


EDTA or Ca-EDTA in the solution of the enzyme at the start of the experiments was | 10-2 M, 
the final dilution in the non-dialyzed sample 5 10°’ M. The activity of the stored enzyme 100 
+ Dialyzed against | 10-* M CaCl, in tris 


3. Effect of inhibitors. The results with calcium prompted us to investigate the effect 
of metal ions and other agents on this enzyme which has been reported to be insensitive 
to a number of commonly used inhibitors.‘ Figs. 2 and 3 show the inhibition of 
serum Ae. Salts of the rare earth series and yttrium had the lowest /,. values. These 
trivalent cations inhibited the enzyme under our experimental conditions in the 
10-*-10-* M range. Heavy metals like CdSO,, HgCl,, AgNOg, etc., were also very 
active. It is of interest that even in tris buffer, Cu** was a good inhibitor. The sensitivity 
of the enzyme to the metal ions varied from one serum sample to another. Figs. 2 
and 3 represent the mean values of the results. The /,,. values in M were as follows: 
GdCl,, CeCl,, 4 10-*; LaCl,, 6 10-*; SmCl,, Y(NO,);, 2 x 10-7; CdSO,, 
3 x 10-7; HgCl,, AgNO;, 7 x 10-7; PbCl,, 2 x 10-*; ZnSO,, 1 x 10-*; NiSO,, 
CoSO,, 3 x 10-*; CuCl,, 8 x 10-*; MnSO,, 1 x 10-5; BaCl,, 6 x 10-5; SrCl,, 
9 10-°; MgCl, 4 « 
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The inhibition by the less basic metals, with some exceptions, follows their affinity 
toward sulfide, a circumstance which indicates that the inhibition might be due to 
attachment to free SH-groups of the protein. In addition to metals, the enzyme was 
also inhibited by the SH-reagent, p-chloromercuriphenylsulfonic acid, /,, = 3 « 10-°, 


4 and by the amine oxidase inhibitor,*: JB516, = 2 

J 

100, 


% Inhibition 


5 


-Log M Concentration 


FiG. 2. Inhibition of the arylesterase of human serum. (1) MnSO,; (2) CuCl,; (3) CoSO,; (4) p- 
chloromercuriphenylsulfonic acid; (5) NiSO,; (6) ZnSO,; (7) PbCl,; (8) AgNO,; (9) HgCl,; 
(10) CdSO,; (11) Y(NO5),; (12) SmCl,; (13) LaCl,; (14) GdCl,; (15) CeCly. 


5 
—Log M Concentration 


Fic. 3. Inhibition of the arylesterase of human serum: (1) sodium citrate: (2) MgCl,; (3) JB516; 
(4) SrCl,; (5) BaCl,. 


Because some enzyme preparations became unstable after a longer period, only 
5 min were allowed for pre-incubation in the spectrophotometric studies. Experi- 
ments using longer periods of pre-incubation, with basically similar results, were 
done with the manometric method or with the more stable purified enzyme. 

The inhibition by AgNO, was determined only with the manometric technique. 
With this method CuCl,, NiSO,, HgCl, and EDTA inhibited to about the same 
extent as in the spectrophotometric experiments. 

Because HgCl, and p-chloromercuriphenylsulfonic acid are among the agents 
which are considered to react with the SH-groups of enzymes, an attempt was made to 
reverse inhibition of human Ae by adding glutathione. The experiments, resembling 
those of Aldrige’ with rabbit plasma, show that glutathione partially restored the 
activity of Ae. 
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TABLE 2. REACTIVATION OF HUMAN SERUM ARYLESTERASE INHIBITED BY SH-RI AGENTS* 


Inhibitor 


M HeCl, 
'M HeCl, 10-° M glutathione 


M CMPS: 
M CMPS l 10-* M glutathione 


periments were done ina Warburg manometric 
Ss; 15 min after the inhibitor had been added to the 
giutathione was dropped from a side arm into the main 
nent of the vessels; then 15 min later the substrate was 
d from a second side arm 
idited rate 100 


uloromercuriphenylsulfonic acid 


Ae in Jractions of hiwnan plasma 


The Ae content of various fractions of human plasma was investigated in the hope 


of finding a source of more stable enzyme than that represented by diluted serum. 
Fraction IV-1 contained an enzyme with properties very similar to those of human 
serum Ae. Experiments with accelerators and inhibitors yielded qualitatively the same 


results. The highest sensitivity to activator or inhibitors was encountered in human 


serum, but the stability of the enzyme in fraction IV-1 exceeded that of other sources 
EDTA inhibited the enzyme in fraction [V-1 completely at 5 10-° M concentration. 
CaCl, reactivated the enzyme inhibited by EDTA. To a solution of Ae in fraction 
IV-1, 5 10-° EDTA was added and 5 min later | 10-* M CaCl,. After another 
5 min the substrate was mixed with the enzyme. In contrast to the control, calcium 
completely abolished the inhibition. Furthermore, dialysis studies showed that the 
dependence of the enzyme on calcium had not changed during the purification 


TABLE 3. EFFECT OF DIALYSIS ON ARYLESTERASE IN HUMAN PLASMA FRACTION IV-] 


Activity in the presence of 


EDTA 


Il (dialyzed) 
17 hr 
40 hr 


Lil (dialyzed)? 
17 he 140 
40 hr | 136 


* The arylesterase \ tored (1) or dialyzed (II, III) against tris for 17 and 40 hr, respectively. 
The conceniration of EDTA or Ca-EDTA in the solution of enzyme at the start of the experiments 
was | 10°* M, the final dilution in the non-dialyzed sample 1 10-* M. The activity of the 
stored enzyme 100 

+ Dialyzed against 3 10-* M CaCl. The activity of the stored enzyme which contained CaCl, 
100. 
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Table 3 shows that the Ae activity of fraction IV-1 decreases during dialysis; 
however, it can be partially reactivated with calcium. When the enzyme was stored 
in the presence of EDTA, the activity disappeared, but it was restored in part by 
calcium. The removal of calcium with EDTA during dialysis led to irreversible 
changes. Like that of serum Ae, the activity of the enzyme increased during storage 
in the presence of Ca-EDTA and behaved during dialysis similarly to the untreated 
control. The activity of fraction 1V-1 remained constant when dialyzed against 
3 x 10-* M CaCl,. 

A hydrolytic enzyme for PA was also found in fractions [V-4 and [V-6-3. Others 
have reported’® that this enzyme is identical with plasma cholinesterase. In spectro- 
photometric studies, traces of Ae activity were also seen in the clear supernatant of 
fractions II and LII-0. When the soluble portions of the fractions were not separated 
in the centrifuge, but were tested as a homogenate in the automatic titrator, fractions 
ILL and III-O0 showed more activity than previously. But even then the enzyme content 
of fraction III was less than 15 per cent of that of [V-1. 


Inhibition of purified Ae 

The inhibition of the enzyme in fraction IV-1 was comparable to that of human 
serum. It was sensitive to cations of rare earths and other metals. JB516 also inhibited 
the enzyme. To decide whether the charged or the uncharged form of this amine 
oxidase inhibitor (pK, = 7:31)" is responsible for the inhibition, the activity of the 
enzyme was measured in the presence and absence of the inhibitor at various pH 
values, within the range of the tris buffer. The degree of inhibition was calculated 
from the uninhibited control rates at each pH value and it seemed to parallel roughly 


the percentage ionization” of this compound. 


lonized 
50 33 


Fic. 4. Dependence of the inhibition of arylesterase in fraction IV-1 by JB516 (1 10-*) on the pH 
and on the ionization of this inhibitor. 


In contrast to this, LaCl, inhibited at pH 7-3 and 8-5 to about the same extent. 
The accelerative effect of JB516 on plasma cholinesterase also depends upon the 
cationic form". 

The importance of the hydrazine group in the side chain of this compound is shown 
by the fact that the arylalkylamine congeners of JB516, D- or L-amphetamine (1- 
phenyl-2-aminopropane) inhibited less than 10 per cent at 10-* M concentration. In 
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the experiments described above the racemic form of the inhibitor was used. When 
D- and L-isomers were tested individually, a small but significant difference was 
found. p-l-phenyl-2-hydrazinopropane was a better inhibitor than the 1 analog. 
Fig. 5 compares the p- and L-forms; the /;, values were 4 x 10-4 and2 x 10° M. 
respectively. The /;, for the longer homolog of the series p, L-1-phenyl-3-hydrazino- 
butane is also 2 = 10-* M. The activity of racemic JB516 falls between those of its 
D- and L-derivatives 

In the present studies the Ae was inhibited reversibly by JB516. When experiments 
were carried out with the Ae in fraction IV-1, analogously to those described above 
above with calcium and EDTA, | = 10-* M calcium fully reversed the inhibition 


of the enzyme by | 10-* M JBS516. 


Log M Concentrotion 


Fic. 5. Inhibition of arylesterase in fraction IV-1 by L-l-phenyl-2-hydrazinopropane (1); bp, L-I- 
pheny!-3-hydrazinobutane (2); and by p-1-phenyl-2-hydrazinopropane(3). 


Fic. 6. Competitive inhibition of the hydrolysis of phenyl acetate by arylesterase in fraction IV-1 (1) 
Inhibitor: JBS16 (2). Concentration of substrate and rates were expressed in optical density units. 


The type of inhibition was further investigated by the method of Lineweaver-Burk. 
Figure 6 shows the results. The K,, of Ae from this curve is 8 x 10-* M and JBS16 


seems to be a competitive inhibitor of the enzyme. 
The inhibition of Ae by HgCl, or LaCl, could be clocked by calcium. In Fig. 7 the 
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reciprocal values of the M concentrations of calcium, 1/Ca, were plotted, according 
to Nishi," against the reciprocal values of velocity, 1/V, in the presence and in the 
absence of the inhibitors, LaCl, and HgCl,. The inhibition decreased with increasing 
calcium concentration, but the rate of hydrolysis of the uninhibited, activated enzyme 
was not reached even in the presence of 3 x 10-* M CaCl,. The intercept, Vmax, 
was different for the inhibited and uninhibited reaction. 


400 600 
-2 


Fic. 7. Effect of increasing the concentration of CaCl, (1) on the inhibition of arylesterase in fraction 
IV-1 by | 10-* M HgCl, (2) and LaCl, (3). Uninhibited reaction (1). Regression lines 2 and 3 
were calculated according to Finney’. Ordinate: Reciprocals of rate in optical density units. Abscissa: 


Reciprocals of M concentration of CaCl,. 


Optical Density 


Fic. 8. Inhibition and acceleration of the hydrolysis of phenyl acetate by arylesterase in fraction 
1V-1 (A) and cholinesterase in fraction IV-6-3 (B) of human plasma: (1) control; (2) EDTA 
5 x M; (3) CaCl, 1 10-4 M; (4) eserine 2-5 10°°; (5) JBS16 1 » 10-*; (6) LaCl, 1 10~*. 
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In a few control studies with various inhibitors, the time of pre-incubation was 
increased from 5 to 60 min without a significant increase in the percentage inhibition. 

Ae belongs to the SH-enzymes which are sensitive to inhibition by urea. Calcium 
protects the enzyme against this type of inhibition also: the problem will be dealt 


with in detail elsewhere 
The differences between the Ae in fraction IV-! and the cholinesterase in 1V-6-3 
are summarized in Fig. 8. The enzymes were assayed with the same u.v. spectro- 


photometric technique. Fraction IV-6-3 was diluted | : 2000 v/v from a 35 mg/ml 


stock solution; fraction LV-1, | : 100 v/v from a 5 mg/ml stock solution. In this 


figure the increase in optical density is plotted against time in minutes. Part A shows 
that the Ae was inhibited by EDTA, JB516 and LaCl,, activated by CaCl, and un- 
affected by eserine. The activity of fraction [V-6-3 with PA substrate was accelerated 
by JB516, unchanged by CaCl, (1 10-* M), EDTA or LaCl, and, as expected, 


inhibited by eserin 


Like humar 


ine plasma contains only two enzymes which hydrolyze PA 


a cholinesterase and an Ac."* The Ae was also very sensitive toward the various 
inhibitors tried he At | : 400 v/v dilution, the swine serum was inhibited 95 per _— 
cent by | 10-* M EDTA, 98 per cent by | 10-* M Mg-EDTA, 62 per cent by 
lO-* M JBS16; Ca-EDTA did not inhibit. Other inhibitors of human Ae were 
also active. At 1 : 1000 v/v dilution at a wavelength of 2700 A the following inhibition 
was observed: 2-5 lO-* M GdCl, and LaCl,, 68 and 76 per cent, respectively: 


ymercuriphenylsulfonic acid, 50 per cent. 


SERUM 


IN SWINI 


EFrrec DIALYSIS ON ARYLESTERASI 


I OF 


Activity mn the presence of 


Ca-EDTA 


EDTA 


* Swine serum was stored (1) or dialyzed (11) against tris for 17 and 40 hr, respectively. The con- 
centration of EDTA or Ca-EDTA in the solution of enzyme at the start of the experiments was 
4 10-* M, the final d on in the non-dialyzed samples | 10-* M. The activity of the stored 
enzyme 100 


In variance to that with human Ae, the observed rate of hydrolysis of PA in swine 
plasma did not increase in the presence of added calcium. Therefore, the role of calcium 
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was also investigated in dialysis studies. Even during the 40-hr run, the swine Ae level 
decreased but little. The presence of Ca-EDTA had no significant effect; on the other 
hand, 97 per cent of the activity disappeared during the storage with EDTA. Depending 
on the length of storage, the enzyme can be reactivated in part by adding calcium to 
the system. The dialyzed sample which contained EDTA at the beginning of the 
experiment lost 70 per cent of its activity in 40 hr. Here calcium did not reactivate. 
Thus, the experiments suggest that the inhibition of the enzyme is reversible in the 
presence of bound calcium. The removal of calcium from the medium leads to 
irreversible changes. 

The distribution of the enzyme in the fractions of swine serum was less well defined 
than in human. The activity of the various samples was assayed with the manometric 
technique. EDTA (1 10-* M) and eserine (1 10-° M) were used as inhibitors. 
Ae was found in fractions I and III and cholinesterase in fractions II and IV. 


Red blood cell Ae 

The existence of three enzymes in human red blood cells. all capable of hydrolyzing 
PA, was described by Mounter and Whittaker.* The first enzyme, a cholinesterase, is 
inhibited by eserine, the second one, an aliesterase. by DFP. Lacking a specific 
inhibitor, these authors assumed that the third enzyme would be identical with 
plasma Ae. We have studied this enzyme in the presence of eserine, | 10-° M, in 
the automatic recording titrator. DFP achieved only 5 per cent additional inhibition, 
a finding which indicates that at the | 10-* M substrate level, the aliesterase did not 
play an important role in the overall hydrolysis rate. After 5 min of pre-incubation 
the activity of the third enzyme was remarkably resistant to inhibitors of serum Ae 
Both JB516 and EDTA were ineffective at | 10-* M concentration; CaCl, did not 


activate the enzyme. | 10~* M p-chloromercuriphenylsulfonic acid inhibited three 
samples less than 25 per cent but the Ae in the red blood cells of the fourth individual 
was inhibited 90 per cent. Sodium fluoride, | 10-* M, inhibited only 20 per cent 


the hydrolysis of PA. As with phosphatases, MgCl, in the same concentration acceler- 
ated the enzyme by 31 per cent: | 10-* M or lower concentrations of LaCl, 
GdCl, and CeCl, instead of inhibiting, increased the acid release. As the liberation 
of acid in the titrator also increased in the absence of substrate. it was neither due to 
an enhancement of Ae activity nor to the rare earth alone.” but probably to the cataly- 
tic effect of rare earth ions. Trapmann?* indicated that rare earth cations catalyze 
the hydrolysis of phosphoric acid esters, carboxylic acid esters, etc. The release of 
acid from haemolyzed red blood cells could reflect a similar catalytic activity. 

The experiment suggests that Ae in serum differs from the Ae in red blood cells. 


DISCUSSION 
Human serum contains at least two enzymes which hydrolyze PA. One is a cholin- 
esterase, the other one an aryl (aromatic) esterase (Ae). Our previous communication® 
has already indicated that calcium is indispensable for the functioning of the Ae. 
Independently, and a short time later, Marton and Kalow® came to similar conclusions. 
These authors also suggested that in addition to Ca?*, other bivalent metal ions like 
Cu?*, and Mn** might be of some importance. The present experiments do not seem 
to support this theory. 
In the experiments described here, the role of calcium was explored with dialysis 
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studies and other procedures and by using various sequestering agents. During dialysis, 
the human enzyme remained stable only when it was dialyzed against calcium. 
Furthermore, EDTA and Mg-EDTA inhibited the Ae while Ca-EDTA was inactive. 
Thus, the inhibition by Mg-EDTA could mainly be due to the binding of a cation 
with an affinity to EDTA equal to or less than that of calcium, and higher than that 
of magnesium. Except for Ca**, only Sr** would approach this requirement, but 
SrCl, inhibited only. The experiments with other sequestering agents also point to 


calcium. 
Recently, Bernsohn er a/.!* confirmed an earlier observation®® that calcium increased 
the hydrolysis rate of PA in human serum. Our experiments contradict their failure 


to observe an activity loss on dialysis. 

The best inhibitors of Ae are rare earth cations and yttrium, all of them active at a 
very low concentration. This effect is probably one of the strongest biological activities 
known for rare earths.“ The inhibition caused by LaCl,—and also by some other 
agents—is antagonized by calcium. It is of interest that calcium and rare earths have 
the opposite effect on the coagulation of blood’* also. 

The Ae is inhibited by reagents which are known to combine with the SH- groups 
of proteins. This inhibition is reversed in part by glutathione, as first shown in rabbit 
serum by Aldridge’: * who also has noticed the inhibition of this enzyme by heavy 
metals and magnesium. Later, Underhay* and Hobbiger® mentioned the sensitivity 
of human Ae to SH-reagents and metals. 

A current publication of Marton and Kalow* describes several inhibitors of Ae. 
The most active agents, like chlorpromazine and naphazoline, inhibited in the 10-* M 
concentration. Chlorpromazine is also a potent inhibitor of cholinesterases.* In 
contrast to JB516, these inhibitors are not antagonized by calcium. 

JB516 is also a useful agent for distinguishing the esterases in fractions IV-6-3 and 
IV-1. While the observed cholinesterase activity is enhanced by the ionized form of 
this agent, the Ae in fraction IV-1 is inhibited selectively. Some aspects of this accelera- 
tion were discussed briefly previously by Erpis et a/.**; the details of this effect will 
be published elsewhere. It has already been shown by one of us that JB516 inhibits 
the “true” cholinesterase in snake venom.*’ 

The Ae activity of human plasma was found mainly in Cohn fraction IV-1. This 
was briefly mentioned in an earlier communication by Erdés and Debay.** The 
inhibition and acceleration of the enzyme is very similar to that of human serum Ae. 
The behavior of this enzyme during dialysis is also comparable to that of serum Ae, 
but it loses activity somewhat slower than does the serum enzyme. 

Augustinsson and Heimbiirger®® described the existence of an enzyme in fraction 
IV-1 capable of hydrolyzing an organophosphorus inhibitor, tabun. This enzyme is 
activated by Sr** and Ba** and unaffected by Ca**, La** or dialysis.*° Augustinsson 
and Heimbiirger®® have already indicated that the same fraction can also hydrolyze 
p-nitrophenyl acetate 

After finishing the experimental part of the work, we noticed a recent publication 
mentioning the existence of Ae in fraction LV-1.*' 

Swine serum contains an aryl and a cholinesterase.'* The Ae was inhibited by the 
inhibitors of human Ae. Ca** did not increase the observed hydrolysis rate, but it 
reactivated the enzyme which was inhibited by EDTA even after prolonged storage. 
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This effect was much more pronounced with swine enzyme than with Ae from human 
sources. The activity of Ae decreased but slightly after 40 hr of dialysis, a finding 
which indicates that the calcium is more firmly bound to the swine Ae than to the 
human. but it could be removed and the enzyme irreversibly inhibited by dialyzing 
the Ae with EDTA. 

A recent report'® indicated that the Ae in swine serum Is a gene-controlled enzyme 
and is to be regarded as one of the first examples of a direct relation between genes 
and enzymes in higher animals. Naturally, the authors of the publication could only 
assay the active form of Ae. Our data suggest that Augustinsson and Olson’s"® 
results could just as well involve genetic factors having to do with the metal binding 
as with the total synthesis of the enzyme 

The Ae in red blood cells was remarkably resistant to most of the inhibitors of Ae. 
It was sensitive to p-chloromercuriphenylsulfonic acid, but less than to p-chloro- 
mercuribenzoic acid.22 While Mounter and Whittaker® assumed the identity of the Ae 
in plasma and red blood cells, Underhay* already indicated some differences between 
the two enzymes. This observation was based on the different rate of hydrolysis of 
various substrates by the two Ae. Our experiments with selective inhibitors show that 


the two enzymes are probably not identical. 
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ANGIOTENSIN II FOR ITS PRESSOR AND 
OXYTOCIC ACTIVITIES* 


A. C. M. PAIvA and THEREZINHA B. Patvat 


Laboratorios de Farmacologia e Bioquimica, 
Escola Paulista de Medicina, Caixa Postal 12.993, Sao Paulo, S.P.. Brazil 


(Received 6 May 1960) 


Abstract—The importance of the N-terminal end of angiotensin II for its biological 
activity has been investigated by a comparative study of the pressor and oxytocic 
potencies of Val’ angiotensin II and the following peptide analogues: (1) Asp(NH,). 
Arg. Val. Tyr. Val. His.Pro.Phe; (2) Gly.Arg.Val.Tyr.Val.His.Pro.Phe; (3) Arg 
Val. Tyr. Val. His. Pro. Phe; (4) Val. Tyr. Val. His. Pro. Phe. It was found that: (1) the 
absence of the N-terminal aspartyl residue of angiotensin II resulted in a parallel reduc- 
tion of the pressor and oxytocic activities to 26 and 23 per cent, respectively; (2) the 
removal of the N-terminal aspartyl-arginyl portion of angiotensin II abolished the two 
activities; (3) the blocking of the free y-carboxyl group of the aspartyl residue by an 
amide bond caused a greater reduction of oxytocic (73 per cent) than pressor activity 


(47 per cent). 


IN A previous paper’ we have reported the marked oxytocic activity of synthetic 
angiotensin Il-amide* and studied the effect of enzymic and partial acid hydrolysis 
on the biological activities of the peptide. We have concluded, from such a study, that 
the C-terminal phenylalanine residue and the N-terminal aspartyl-arginyl moiety of 
angiotensin II are equally essential for both its pressor and oxytocic activities, but 
there was reason to believe that the N-terminal aspartyl residue contributed to the two 


activities to different extents. 

In the present communication we report a further study of the relation between the 
N-terminal end of angiotensin II and its pressor and oxytocic activities, consisting of 
a comparison of the two activities in the five following peptides:: (1) Asp.Arg. Val. 
lyr. Val. His. Pro. Phe (angiotensin); (2) Asp(NH,).Arg. Val. Tyr. Val. His. Pro. Phe 
(angiotensinamide); (3) Gly. Arg. Val.Tyr.Val.His.Pro.Phe (glycyl octapeptide); 
(4) Arg. Val. Tyr. Val.His.Pro.Phe (arginyl heptapeptide); (5) Val.Tyr. Val. His. 
Pro. Phe (valyl hexapeptide). 

EXPERIMENTAI 
Vaterials 

Val? angiotensin II (angiotensin), Val° angiotensin Il-amide (angiotensinamide) and 
the octapeptide Gly.Arg.Val.Tyr.Val.His.Pro.Phe (glycyl octapeptide) were 
synthetic products kindly supplied by Dr. R. Schwyzer, Ciba Limited, Basel. These 
substances had been purified by counter-current distribution as free peptides, in the 

* This work was subsidized by the Rockefeller Foundation, grant RF 58217. 

+ Fellow of the Conselho Nacional de Pesquisas, Brazil. 


+ The peptides are represented with the aid of the customary abbreviations for the amino acid 
residues,*® with the N-terminal residues at the left of the sequences as written. 
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final stage of the synthesis, and contained from one to three molecules of water and 
from one to two molecules of acetic acid per molecule of peptide; their purity, checked 
by paper chromatography, was found to be greater than 99 per cent and, in the case of 
angiotensinamide, contamination by angiotensin was found to be less than | per cent.’ 
Twice-crystallized trypsin, lot PM629, was acquired from the Worthington 


Biochemical Corporation, Freehold, New Jersey. 


Vethods 

Trypsin digestion. One milligram of angiotensinamide was dissolved in 1-0 ml of a 
0-05 M ammonium acetate-ammonium bicarbonate buffer of pH 7-7, and to this 
solution were added 0-05 ml of a trypsin solution containing 5 mg of protein per ml. 
The molar enzyme : substrate ratio was | : 90. After 6 hr at room temperature the 
reaction was stopped by the addition of 0-5 ml of glacial acetic acid and boiling for 
5 min. The mixture was thoroughly evaporated in a desiccator and submitted to 
paper chromatography for the isolation of the valy! hexapeptide. 

Ihe phenylisothiocyanate method of Edman’ for the stepwise degradation of 
peptides was modified as follows: | mg of angiotensinamide was dissolved in 10 ml 
of a buffer solution of pH 9-7 prepared by adding 0-7 ml of triethylamine to 2-5 ml 
of 2N acetic acid and diluting with water to 25 ml. One millilitre of a 20°, (v/v) 
solution of phenylisothiocyanate in acetone was added to the angiotensinamide 
solution and the mixture shaken vigorously for 3 hr at 40°C. One millilitre of water 
was added and the mixture was extracted with seven 5-ml portions of redistilled 
benzene. The aqueous phase was taken to dryness in a desiccator and redissolved in 
5 ml of 3N HCI prepared from glass-distilled constant-boiling HCl. An aliquot of 
this solution was suitably diluted with 3N HCI and its absorption spectrum in the 
range 230-280 my was immediately determined with a Beckman model DU spectro- 
photometer. The change in the spectrum was followed by making readings at 30-min 
intervals. and the release of the phenylthiohydantoin was considered completed when 
a maximum at 265 mu and a minimum at 245 mp were attained. The acid solution was 
extracted with three 10-ml portions of redistilled ethyl acetate and the aqueous phase 
was taken to dryness in a rotary evaporator. The dry residue was submitted first to 


paper ionophoresis, then to paper chromatography for the isolation of the arginyl 


heptapeptide 

Paper ionophoresis® was done on Whatman 3MM paper with pyridine acetate 
buffer of pH 6-4 and a potential gradient of 15 V/cm for 3-4 hr. After the paper had 
dried, a guiding strip cut from each edge was sprayed with 0-1 °, alcoholic ninhydrin 
solution for the localization of the peptides, which were then eluted with water,’ 
dried in a desiccator and redissolved in a small volume of water. 

Preparative paper chromatography was done on Whatman 3MM filter paper with 
the solvent mixture butanol-acetic acid-water (63 : 10 : 27, v/v/v). The peptides were 
localized with ninhydrin on two guiding strips cut from each edge of the chromatogram, 
and eluted with water. The eluates were evaporated in a desiccator and redissolved 
in water. Aliquots of these solutions were taken for aminoacid analyses and for 
determination of biological activity. 

Amino acid composition was determined by dissolving the peptide in a small 
amount of azeotropic HCI (6N); this solution was enclosed, under vacuum, in a vial 
and heated at 110°C for 20 hr. The hydrolysate was evaporated to dryness and 
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chromatographed on Whatman no. | filter paper with butanol-acetic acid—water 
(63 : 10:27) simultaneously with several serial dilutions of a standard mixture 
containing equimolar amounts of the seven amino acids present in angiotensin. The 
chromatogram was uniformly sprayed with 0-1°, ninhydrin in alcohol and colour 
was developed at 100°C for 15 min; the spots were excised, eluted with 75°/ acetone 
and the optical density of the eluates was determined at 570 my (440 mu for proline) 
on a Coleman Jr. model 6A spectrophotometer. The readings obtained for the amino 
acids applied in known concentrations served as standard recov ery curves for the 
quantitative estimation of the amino acids present in the hydrolysates. The maximum 


error observed in duplicate runs of the standard mixtures was — 5 


Biologic al QSSaVS 

Pressor activity was assayed on the urethane-anaesthetized rat treated with hexa- 
methonium bromide (50 mg/kg body weight intravenously) and maintained on 
artificial respiration. Injections were made in the external iliac vein and the blood 
pressure was recorded from the carotid artery with the aid of a mercury manometer 
of Condon’s design.* All solutions were made isotonic before injection. 


The oxytocic activity’ was assayed on the isolated rat’s uterus preparation: a 


virgin female albino rat weighing 150-200 g received a subcutaneous injection of 


stilboestrol (100 »g/kg body weight) and 15-20 hr later was killed by a blow on the 
head; one uterine horn was removed and suspended in an aerated 2-ml smooth 
muscle bath containing de Jalon’s solution at 28-31 °C. The peptides to be assayed 
were diluted with de Jalon’s solution and added to the bath in volumes not larger 
than 0-1 ml. The contractions of the uterine horn were recorded on a smoked drum 
with the aid of an isotonic frontal lever with a load on the uterus of 1-0-1-5 g and a 
magnification of six times. 

he evaluations of pressor and oxytocic potencies of all the peptides were made by 
four-point assays against standard solutions of synthetic angiotensin: two doses of 
each substance, bearing the same higher-to-lower-dose ratio, were administered in 
three or four groups of four doses, each dose being given once in each group. The 
heights of the recorded rises in blood pressure or uterine contractions were measured 
and the data were treated in the manner described by Schild!” for obtaining the potency 
ratio and its fiducial limits. For each comparison, two or more assays were made and 
the separate estimates of the logarithm of the relative potency were combined by 


calculating their “‘unweighted” mean." The relative pressor or oxytocic potency of 
each peptide was defined as the activity of one mole of peptide in relation to the value 
100 arbitrarily assigned to the activity of one mole of angiotensin. 


RESULTS 


Isolation of the valyl hexapeptide 

Three components were separated by paper chromatography of the tryptic hydroly- 
sate of angiotensinamide (Fig. 1). The R,, the quantitative amino acid composition 
and the pressor and oxytocic potencies of component 7, indicated that it was residual 
angiotensinamide not attacked by trypsin, amounting to 18 per cent of the total 
present in the incubation mixture. Peptides 7, and 7, were obtained in a molar yield of 
72 and 61 per cent, respectively, and the determination of their amino acid composition 
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showed that 7, contained only aspartic acid (asparagine) and arginine, and 7, had 
all the amino acids of the valyl hexapeptide in the expected molar ratios. 


Isolation of the arginyl heptapeptide 

Paper ionophoresis of the residue from the aqueous phase of the phenylisothio- 
cyanate degradation of angiotensinamide, yielded one major component that moved 
towards the cathode with a mobility that was roughly estimated to correspond to 


I-5 positive charges, by comparison with the mobility of lysine. Chromatography of 


hy paper 


this material with butanol-acetic acid-water yielded a single component with an R, of 
0-42. Hydrolys i determination of its amino acid composition indicated that it was 


the expected arginy!l heptapeptide, in a molar yield of 17 per cent 


Bio 
Ihe rela Ive I and OXYVLOCIC potencies found for the five peptides that were 


studied are n Table |. The valyl hexapeptide was found to be inactive, in 


e detected a relative pressor potency of | and a relative oxytocic 


e other peptides had oxytocic and pressor effects that were 
shable from those previously described for angiotensinamide.' 
n from parallelism between the log dose-response lines for 


angiotensin and those for each of the different peptides was found in any of the assays 


(P > 0-2 > error the biological assays ranged between 5 and 15 per cent at 


DISCUSSION 


[he results of the biological assays of angiotensinamide (Table 1) show that the 
blocking of the arboxyl group of angiotensin by an amide bond resulted in a 
decrease of 73 per cent im its oxytocic potency. The same degree of inactivation was 
observed when the aspartyl residue was substituted by a glycyl residue (78 per cent) 
or when it was altogether absent (77 per cent). This indicates that the aspartyl residue 
of angiotensin, though not essential, contributes to a marked degree for its oxytocic 


activity, and that this ts due to the presence of the free y-carboxyl group. 


Pressor activity 

Table 1 shows that the removal of the N-terminal residue of angiotensin (arginy! 
heptapeptide) produced a loss of pressor activity that paralleled that of oxytocic 
activity. This indicates that the aspartyl group of angiotensin is as important for the 
pressor as for the oxytocic activity. However, the presence of the free y-carboxyl 
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group does not appear to be as necessary for the pressor as it is for the oxytocic 
activity, since the glycyl octapeptide was a more potent pressor substance than was 
the arginyl heptapeptide, and angiotensinamide was even more active in that respect. 

The ratio of pressor to oxytocic potency was significantly greater for angiotensin- 


amide and for the glycyl octapeptide than it was for angiotensin. This finding suggests 


TABLE |. RELATIVE PRESSOR AND OXYTOCIC POTENCIES OF SYNTHETIC ANGIOTENSIN IT 
AND FOUR PEPTIDE ANALOGUES 


Oxytocic 


activity 
Angiotensin (Asp.Arg. Val. Tyr. Val. His. Pro. Phe) 100 
Angiotensinamide (Asp(NH.,). Arg. Val al. His. Pro. Phe) 


Glycyl octapeptide (Gly.Arg. Val ; His. Pro. Phe) 
Arginy! heptapeptide (Arg. Val al. His. Pro. Phe) 


hexapeptide a 4 al. His. Pro. Phe) 


Pressor and oxytocic activities are expressed by the relative potencies calculated on a molar basis 
the value 100 being arbitrarily assigned to angiotensin. Figures inside brackets are the fiducial limits 


at P 0-05 


an explanation for the greater persistence of oxytocic, relative to pressor activity, 
observed' during the first hours of partial acid hydrolysis of angiotensinamide: the 
hydrolysis of the amide bond would unmask the y-carboxyl group with a consequent 
increase IN OXytocic potency approximately twice as large as the increase in pressor 
potency 

[he absence of detectable pressor and oxytocic activities in the valyl hexapeptide 


corroborates the previous indications’: * that the aspartyl-arginyl portion of the 


angiotensin molecule ts essential for both activities. 
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HAEMATOLOGICAL EFFECTS OF HOMOLOGOUS SERIES 
OF DICHLOROETHYLARYLAMINES 
(AROMATIC NITROGEN MUSTARDS) 


A. ELSON 


atty Research Institute, I 


IN DESCRIBING the preparation of aryl-2-halogenoalkylamines (“aromatic nitrogen 
mustards” ett ef al.’ pointed out that most substances which contain a di-2- 

UP Possessing a certain level of chemical reactivity are cytotoxic 
to proliferating tissu [heir use as chemotherapeutic agents in neoplastic diseases is 
limited, however, by the lack in many of them of sufficiently greater specific action on 
malignant tissuc n on some normal proliferating tissues, particularly those of the 


haemopoietic system. Indeed their therapeutic application has so far shown most 


promise in the treatment of diseases of this system, particularly the leukaemias 


A large number of “aromatic nitrogen mustards” have been prepared with the 
object of obtaining more selective action on neoplastic tissue'~* and it was often found 
advantageous to introduce potential water solubility into the molecule by means of 
the carboxylic acid group (usually solubilized as the Na salt). Chlorambucil (I: 3) 
which is widely used therapeutically, particularly in the treatment of chronic lymphatic 
leukaemia, is a compound of this type. Another compound which is in use therapeutic- 
ally is the derivative of the naturally occurring amino acid phenylalanine, Merphalan 
(Sarcolysin)*: ° ILL, n |. The haematological effects in the normal rat of homologous 
series of compounds related to these drugs, and also of a series of phenoxyalkanoic 


acids have now been investigated. These series may be depicted as 
(1) Phenylalkanoic acid series" 
CICH,.CH, 
(CH,),.COOH. (Chlorambucil: 


CICH,.CH, 
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(Il) Phenoxyalkanoic acid series? 


C! CH,.CH, 
N O—(CH,),,. COOH 


Cl CH,.CH, 


(IIL) Phenyl-a-aminoalkanoic acid series? 


Cl CH,.CH, 
(CH,),,.CH.COOH 


Cl CH,.CH, NH. 
(Merphalan (Sarcolysin): n = 1) 
(Aminochlorambucil n 2) 


In previous work® on the effects of a series of compounds related to Myleran which is 
used in treatment of chronic myeloid leukaemia, it was pointed out that in spite of the 
difference in pattern of blood counts in the rat compared with the human pattern the 


effect of the drug on the normal rat can give a reasonable indication of its behaviour in 
the clinical treatment of leukaemia. The pattern of blood response of the normal rat 
to a single dose of a chemical has been found of considerable help as a guide in the 
selection of substances for clinical trial against leukaemia. lymphomas and other 


neoplastic diseases.’ 


EXPERIMENTAI 

Rats of a Wistar albino colony were used. They were kept in separate cages and 
fed a constant “rat cake” diet during the period of the experiment. Compounds were 
administered by intraperitoneal injection either dissolved in, or in the form of a fine 


suspension in, arachis oil. 


Blood counts 
For blood counts, blood was taken from a tail vein direct into the pipette in which 
it was diluted in the usual manner. 
Four rats were usually used for each compound tested and their individual response 
curves plotted as numbers of blood cells against time. A mean curve giving the per- 
centage of normal count (before injection) against time was then compiled from these 


individual results. 


Toxicity 

Tests to obtain the approximate toxic dose of the compounds were carried out by 
intraperitoneal injection in female rats. Groups of three rats were usually used for 
each dose level tested. The animals were fed a constant “rat cake” diet and weighed 
daily. The approximate toxicity figures given (Tables 1, 2 and 3) are based on the 
smallest dose which would kill the three rats tested 
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TABLE |. Errect or series (1) CICH,.CH, 


N (CH,),,. COOH 
CICH,.CH, 
ON THE CIRCULATING LEUCOCYTES IN THE RAT 


*., Fall from normal (F) Approx 
Code Dose (d) toxic dose 


no (mg/kg) Lymphocytes (L) Neutrophils (NV) (mg kg) 
CB 1078 150 33 15 2 150 
CB 133 8 90 . 3 9-4 
10 98 8 8-5 15 

mean mean 
10-5 90 

CB 1332 

CB 1348 


CB 1356 


TABLE 2. Errect or series (11) CICH,.CH, 


N O.(CH,),,COOH 
CICH,.CH, 
ON THE CIRCULATING LEUCOCYTES IN THI 


Fall from normal (F) Approx 
( ode Dose (d toxic dose 
no (mg/kg Lymphocytes (L) Neutrophils (NV) (mg/kg) 
CB 1360 ( 50 
CB 1364 


CB 1365 6 5 9-0 


CB 1378 10 7 70 


3. Errect or series (111) CICH,.CH, 


(CH,),,.CH.COOH 


CICH,.CH, 
NH, 


ON THE CIRCULATING LEUCOCYTES IN THI 
Fall from normal (/ Approx 
C ode Dose (d Nid toxic dose 
no (mg ke) Lymphocytes (1) Neutrop! (mg kg) 
CB 1447 ) 2 100 
CB 3007 
CB 1385 


CB 1494 
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RESULTS 
Fig. | shows the blood response pattern to one member of each of the three 
series of compounds. In each representative the carboxylic acid group is separated 
from the benzene ring by the same number of atoms. 
The general pattern is the same for all three compounds. For the first few days 
after treatment there is a fall in all blood components followed by a rapid recovery, 


Som, CH CH, COOH Tas CH, Ch COOH CH2-CH - COOH 
Chlorambucil CB 1364 Aminochlorambuc |! 


(CB 1348) 5 mg/kg (CB 1385) 
mg /kg 


mg/kg 


COUNT 


BLOOD 


NORMAL 


OF 


“le 


3 6 i2 16 


DAYS AFTER TREATMENT 


Fic. 1. Blood response patterns of the normal rat to Chlorambucil, 4-N : N-di-(2-chloroethyl) 


aminophenoxypropionic acid (CB 1364) and Aminochlorambucil. lymphocytes: 


neutrophils; platelets 


which in the case of the neutrophils leads to a very large increase in the numbers 
circulating in the blood, so that there is very marked neutrophilia at about 8—12 days 


after treatment. The excessive number of circulating neutrophils then falls sharply, 
and normal values for most blood components are restored by about 20 days after 


administration of the single dose of the drug. 

The relative effects on the two types of leucocytes, viz. lymphocytes and neutrophils, 
is very similar for Chlorambucil and CB 1364 although with the latter compound only 
about half the dose is required to produce the same depression. Aminochlorambucil, 
however, shows a relatively much greater depressive action on lymphocytes than on 
neutrophils. This more marked action on lymphocytes is also shown by the next 
higher member of the series, CB 1494 (see Table 3). 
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Based on these blood response patterns, in an attempt to compare directly the 
“absolute” activity of the various compounds on the circulating blood cells, an 
index has been devised consisting of the quotient of the maximum percentage fall from 
normal values and the dose in mg/kg body weight used to produce this fall. The 
percentage fall is denoted in the case of the lymphocytes by L, and for the neutrophils 
by N, the dose being designated d. The index thus becomes L/d, N/d or P/d if platelets 
are being considered. Although rather crude the index does allow some measure of 
direct comparison of the absolute haematological activity of different types of com- 
pounds. It does not take into account the duration of action in response to a single 
dose. For instance a compound may produce the maximum fall in lymphocytes in 
2, 3, 4 or more days after administration, and this difference is not taken into account 
in the L/d figure. For true assessment of activity the blood response patterns as shown 
in Fig. 1 are of course indispensable. Again, the index must of course always be 
considered together with the toxicity of the compound if it is to be of any use in 
assessing the therapeutic usefulness of a potential cancer chemotherapeutic agent. 

A similar index (F/d) applied only to the neutrophils was used in comparing the 


haematological activities of the homologous series of compounds related to Busulphan 


(Myleran).° Using the modified nomenclature now described Myleran has an index 
L/d = 2-3; N/d = 8-8. When this is compared with that of Chlorambucil (L/d — 6-8: 
V/d = 6-0) it is seen that the selectively greater effect of Myleran on the myeloid 


rather than on the lymphoid system is well indicated by the much higher value for 
the N/d index compared to the L/d value. (This can also be expressed by the low 
L/N value of 0-26.) 

he effects of the three series of compounds (1), (ID) and (ILD) on the circulating 
leucocytes of the rat are summarised in Tables 1, 2 and 3. 

In series (1) (Table 1) maximum activity against both types of leucocytes is shown 
by the phenylacetic acid derivative (CB 1331: » = 1). When n = 2 the activity is 
diminished but returns in Chlorambucil (nm = 3). The last member of the series 
(n 4) shows very much reduced activity. 

In series (II) the highest activity is shown by the second member (CB 1364: n 
and then again activity falls rapidly as the value of n increases. 

All members of both series show a slightly greater depressive action on lymphocytes 
than on neutrophils (L/N about 1-2). 

In the amino acid series (IL) greatest activity against both types of leucocytes is 
shown by the phenylalanine derivative, Merphalan (n = 1). In the higher members of 
this series, however, activity against lymphocytes does not fall off as in series (1) and 
(11), although activity against neutrophils does. Thus aminochlorambucil (n — 2) is 
about twice as active in depressing the number of circulating lymphocytes as in 
depressing the neutrophils (L/A 1-9). 

[he activity against leucocytes of the three series of compounds in relation to their 
chemical reactivity is illustrated in Fig. 2. The method of assessing chemical reactivity 
is described in an Appendix by W. C. J. Ross. The very low activities shown by the 
first members of series (1) and (IIL) can probably be related to their low chemical 
reactivity” since high biological activity is usually not obtained in compounds which 
show a percentage hydrolysis of less than 20.° 

The activity of the most active member of the series (1) and (II) also probably bears 
some relation to the chemical reactivity. The compound (II-3) is more active than (I-1) 
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corresponding with the hydrolysis of 70 per cent against 40 per cent. In the higher 
members of the series, however, although these all have about the same chemical 
reactivity, their biological activity appears also to depend on the number of carbon 
atoms separating the —COOH group from the aromatic nitrogen mustard grouping, 
activity falling off as this distance is increased. 
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FiG. 2. Haematological activity and chemical reactivity in homologous series of dichloroethylaryl- 
amines : (1) phenylalkanoic acid series ; (II) phenoxyalkanoic acid series; (III) phenyl-a-aminoalk anoic 
acid series. 

In series (III) although the activity against neutrophils shows a similar falling off in 
ascending the series, that against lymphocytes remains high. Possibly in this case 
continuing increase in chemical reactivity compensates to some extent for the fall 
expected with increasing chain length. 
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DISCUSSION 
In each of the three series of compounds tested the haematological activity of the 
individual members may be considered in terms of two factors: (a) chemical reactivity 
of the dichloroethy! amino group 


CH,.CH,.CI 


CH,.CH,.CI 


and (b) the distance of this group from the terminal carboxylic acid (COOH) group 
of the compound. It would appear that compounds must have a necessary minimum 
of chemical reactivity in order to show appreciable biological activity, but once this 
critical level is surpassed the haematological activity is dependent more on the nature 
of the molecule as a whole particularly the length of the alkanoic acid side chain 

The toxicity and tumour-inhibitory activity against the Walker rat carcinoma 
follow much the same pattern as the activity on the blood. In series (1) Chlorambucil 
was the member originally selected for clinical trials since it appeared to show a 
rather better inhibitory activity against the Walker carcinoma than the rather more 
haematologically active CB 1331' (Table 1). The most active compound of the 
phenoxyalkanoic acid series (11) is CB 1364 (7 — 2). This compound also has a high 
activity against the transplanted Walker rat carcinoma but ts also one of the most 
LOXIC 

In series (IIL) the carbon atom to which the —COOH and —NH, groups are 
attached is asymetrically substituted. The compounds described here are all the 
racemic (DL) forms. The most active compound of this series Merphalan (Sarcolysin) 
has been resolved into its optical isomers and the L-form, Melphalan, which is thus a 
derivative of the naturally-occurring L-phenylalanine, is almost twice as active as 
Merphalan in depressing the circulating leucocytes. The biological action of derivatives 
of this “L-phenylalanine mustard” Melphalan are described by Elson a/.'” 

Ihe most intere g feature of series (III) is the maintenance of high activity 
against circulating lymphocytes in the higher members of the series. The activity 
against neutrophils does show a considerable fall in the last two members of the 
series and thus a compound like aminochlorambucil (7 = 2) shows a relatively 


specific action in reducing the numbers of circulating lymphocytes proportionately 


much more than the number of neutrophils. Elson'' and Gerhartz"* have shown that a 


dose of 12-5 mg kg aminochlorambucil which results m a greater depression 
circulating lymphocytes than the same dose of Chlorambucil causes less damage 
the bone marrow. With Chlorambucil there is an 80 per cent depression 
granulopoiesis at about 4 days after administration of the drug whereas a much 
milder depression (40 per cent) occurs with Amimochlorambucil 

In considering the mechanism of action of Chlorambucil and Busulphan, Elson 
et al. considered that whilst Busulphan may exert its biological action mainly by 
decreasing mitotic frequency, Chlorambucil damages cells about to divide and cells 
in mitosis. It also damages adult lymphocytes. It would appear probable, therefore. 
that the greater lymphocyte depressing action of aminochlorambucil may be mainly 


due to its greater destructive action on the circulating lymphocytes. 
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APPENDIX 


Chemical Reactivity in Relation to Structure of Acid 
Derivatives of 


The relative chemical reactivity of the aromatic nitrogen mustards discussed in 
this paper may be assessed by determining the rates of hydrolysis under standard 
conditions. In the examination of a large group of compounds of widely differing 
solubility it has proved convenient to measure the amount of reaction w hich occurs 
when a solution of the compound in 50°, aqueous acetone is heated under reflux 
(66°C) for 4 hr. The figures obtained do not represent true rate values since no 
allowance has been made for the pH change during the reaction or for the effect of 
increasing chloride ion concentration in retarding the rate as time proceeds, though the 
correction for these factors will be quite small under the conditions chosen. Dr 
Davis is at present measuring the rates of reaction of a number of derivatives in 
purely aqueous solution at constant pH and at high dilution using automatic titration 
equipment. These new values, which will be reported later, will more closely indicate 
the rate at which the agents react under physiological conditions. Nevertheless the 
values obtained using aqueous acetone are a measure of the relative reactivity. 

lhe rates of hydrolysis of the free acidic derivatives and of their sodium salts have 
been reported.': * For the present purpose the rates for the sodium salts are the more 
relevant, for the phenylalkanoic and phenoxyalkanoic acids will be present in the 
anionic form at physiological pH. In the case of the amino acid derivatives the rate 
for the free acid will be relevant in the present discussion since under the conditions 
of hydrolysis and under physiological conditions the compounds will be present as 
the zwitterion form: 


NH 


3 


(CICH,CH,).N (CH,),CH 


COO 


As previously indicated' the rate of reaction of a mustard may be followed by 


measuring the liberation of hydrogen ion or of chloride ion. but in the case of 


the sodium salts of acidic derivatives the two values are not identical because of a 


self esterification reaction which will probably not be significant when the agent 


reacts in a mixed biological system. In a table of reactivities published earlier® © 


figures were given for the chloride ion production from phenylalkanoic acid salts 


* By W. C. J. Ross, Chester Beatty Research Institute, Institute of Cancer Research, Royal Cancer 
Hospital, Fulham Road, London, S.W.3 
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and for the hydrogen ion production from phenoxyalkanoic acid salts. Whilst these 
values were adequate for comparing reactivities within a series, it is necessary to 


consider the chloride ion production alone if compounds in different series are to be 


compared. Table 4 gives the relevant values for the salts of acids now under 


consideration 


TABLE 4 


on im 
one al 
salt 


(CICH,CH,).N (CH,)COOH (1) 


(CICH,CH,),N O(CH,),COOH (II) 


In the phenylalkanoic acid series the proximity of the carboxylate ion to the benzene 
ring in the p-amimobenzoic acid derivative (I, » — 0) has the expected effect of slightly 
lowering the chemical reactivity as compared with the unsubstituted aniline derivative 
(hydrolysis under standard conditions, 20 per cent"). When this ionized group is 
separated from the ring by a methylene chain all subsequent compounds have reactivity 
comparable to that of the p-toluidine “mustard” (hydrolysis, 38 per cent).* The 
carboxylate group in the phenoxyalkanoic acid series ts sufficiently far removed to 
have no appreciable eflect on reactivity and all compounds have comparable reactivity 
of the same order as that of the p-anisidine “mustard” (hydrolysis, 58 per cent*) 
[he greater reactivity of acids (IL) as compared with acids (1) is a consequence of the 
greater electron releasing capacity of an oxygen atom as compared with a methylene 
group 

Table 5 shows the rates of hydrolysis of the amino acid mustards 


5 


liberation of chloride ion in 
Compound hr in 50°, aqueous acetone at 
66 C from the free acid 
NH, 
(CICH,< (CH,),CH 
COOH 
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The predominating influence of the positive charge on the nitrogen atom in the 
zwitterionic form of the amino acid derivative has the effect of reducing chemical 
reactivity and this effect falls off more slowly with distance than does the effect of a 


carboxylate ion. A similar gradual falling off of the effect of a charged nitrogen aton 


has been observed"* in the direction of nitration of a series of aromatic amines of 
structure 


(CH,),.NR, 
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Abstract riter tudied excretion and retentx 


Herent types 


The drug 


rolonged administration were there 


IN SOME experimental tumours, 6-azauracil riboside (6-AzUR) proved to be incorpor- 
ated in tumour tissue in greater quantities and more selectively than 6-azauracil 
(6-AzU) alone.' According to experimental results, its cytostatic effect is about ten to 
twenty times greater than the effect of 6-AzU.*.* At the same time, 6-AzUR has a 
lesser affinity for the central nervous system than 6-AzU, which makes it more 


suitable for clinical application.' In clinical application of 6-AzU, there appear, in 
about one-third of cases, symptoms on the part of the central nervous system, which 
render its further or prolonged administration impossible.* 


When clinically testing the efficiency of a new cytostatic compound the usual 


procedure is that it is administered in such cases where there is no longer a danger 


that another, more efficient therapy might be missed, i.e. in advanced cases. However, 
the advanced stage of a process by itself and—as it is usual in such a case—foregoing 
treatments are not a suitable ground for the testing of a new cytostatic drug, quite 
apart from the fact that the evaluation requires a comparatively long time. 

6-AzUR lends itself readily to chromatographic isolation and determination. We 
availed ourselves of this opportunity to obtain information about its retention by the 
human organism. In so doing we started from the idea that, should this cytostatic 
be effective also in human tumours according to a similar or identical mechanism. 
as supposed by Skoda and Sorm,? it is necessary that: 

(1) the balance of the 6-AzUR administered should be negative; and 

(2) it should be more negative in patients with malignant disease than in healthy 
individuals or patients with non-tumorous disease. 
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EXPERIMENTAL SECTION 

Patients were given a purine-free diet. Three days before administration of 6-AZUR. 
samples of whole-day urine were chromatographed, according to a method described 
below, to make sure that the patient did not excrete any substances that might inter- 
fere with 6-AzUR determination. On the fourth day, the patient received 1-0 g of 
6-AZUR intramuscularly, and we followed its excretion daily until its disappearence, 
or at least for 3 days. 

Chromatographic determination of 6-AzUR was carried out photometrically 
trom the eluates of spots at 258 my, calculated® from « 6-2 10°. Chromatography 
was performed in butanol—-water system on Whatman paper no. 4. In the urine in 
which 6-AzUR determination was carried on. purine bases were precipitated before 
chromatography and the urine was deprived of salt according to the follow ing method, 
developed by us 


| ml urine | ml 10°,, AgNO, | ml 0-1 N HCI 


In this reaction, chloride ions and purine bases are precipitated, while 6-AzUR 
remains soluble in the acid solution Subsequently, the precipitate was filtered and 
residual AgNO, in the filtrate was removed by addition of an equal volume of 1 N 
HCI to the filtrate. After filtration of the AgCl precipitate, 0-2 ml of filtrate was 
subjected to chromatography 

By the method of photometric determination of 6-AzUR from chromatograms, 
the following values were obtained 

(1) Determination of 6-AzUR from the aqueous solution, chromatographed 
directly: spread on the spot: 200 yg: average of determinations: 185 yg; o of single 
determination 10 wg (sixty-four determinations) 

(2) Determination of 6-AzUR from the aqueous solution, treated before chromato- 
graphy according to the above mentioned method for urine: spread on the spot: 
33:3 yg; average of determinations: 97 vg: o of single determination: 13 pug 
(thirty-five determinations) 

(3) Determination of 6-AzUR added to urine. treated according to the above 
method: spread on the spot: 66°7 yg: average of determinations: 55 “Hg; o of single 


determination: 5 wg (seven determinations). 


RESULTS 

Results of a single test as to the retained amount of 6-AzZUR in twelve different 
types of tumorous diseases (altogether eighteen patients) and in three patients with 
non-tumorous disease are shown in Table 1. 

As it appears from Table 1, only in two patients with lymphogranulomatosis was 
the total amount of 6-AzUR retained for a period of 3 days following administration. 
Seven patients excreted nearly all of the 6-AzUR administered within 24~72 hr after 
administration. If we take the fact into consideration that, according to our method 
of determination, lower values were generally obtained (see the Experimental section). 
we feel justified in supposing that, in about 50 per cent of the patients under test. 
6-AzUR was not retained at all. 

In four patients (nos. 4, 12, 13 and 18 in Table 1), 6-AzUR was applied for a longer 
time, excretion being ascertained daily. 
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In the first of these four patients (no. 4), 6-AzUR was administered for a period of 


22 days, namely the first 7 days 2 g daily, then 9 days 5 g and the remaining 6 days 
again 2 g daily. In the course of application, spots with R, in the region of 6-azauracil 
and with an absorption curve similar to that of 6-AzU in the region 220-300 my 


appeared in chromatograms eight times in irregular intervals. After application of a 


TABLE |. AMOUNT OF 6-AZUR RETAINED (DOSE GIVEN | G) 


Retained amount 
Diagnosis (g) 


granuloma malignum* 
ranuloma malignum 
loma malignum susp 
yulmonum 
iimonum 


nonum 


yeloirca chronica 
npha i chronica 


Cul 


f HN3, a short 
no lymphogranuloma 


ymphogranuloma 


} being 


gically uspect lvmphogranuloma, now 


symptom 


single dose of 1-0 g, this patient retained about 0-75 g during a period of 72 hr. When 
given a daily dose of 2 g, he retained about 0-6 g daily and, after administration of a 
daily dose of 5 g, he retained on an average 0-77 g daily. In this case, retention of 
6-AzUR was not proportional to the increasing dose of 6-AzUR. 

The second patient (no. 12), who, after a single dose, retained 0-1 g, received 2 g 
of 6-AzUR for a period of 13 days and retained 0-2 g on an average. 

The third patient (no. 13), who after the first administration of a single dose retained 
0-46 g, was given 2 ¢ daily for a period of 11 days, of which he retained daily 0°8 g 
on an average. 

The fourth patient (no. 18), who, after single application of the drug, retained 
0-4 g, was given a daily dose of 2 g for 9 days, retaining on an average 0-6 g per day 

In three of these patients (nos. 4, 12 and 13), Endoxan was administered simul- 
taneously. We did not, however, see any therapeutic effects either at the time immedi- 
ately after administration of the two drugs or during the later course of the disease 

In none of these four patients, who received 6-AzUR for a prolonged period of 
time, did we note any toxic or other side-effects during the time of administration 
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(patient no. 4 was given a total dose of 72 g). The drug was well tolerated by all 
patients. There was only marked local pain during intramuscular injection; 6-AzUR 


was therefore administered together with procain. 


DISCUSSION AND CONCLUSIONS 


In the above tests of the balance of 6-AzUR administered to individuals. the drug 
passed unmetabolized out of the body in about 50 per cent of the cases. In the re- 


maining 50 per cent, it was retained to a certain extent, but also in these cases, as far 


as It was excreted, it remained unmetabolized. Only three cases were strongly sugges- 


tive of the fact that it became partially deribozidated, since in the chromatograms 


there appeared spots with R, and extinction curve characteristic of 6-azauracil 


There was no difference in the degree of 6-AzUR retention between the patients 


with malignant disease and the three patients with other diseases. It is perhaps inter- 


esting to note that, from three cases of lymphogranuloma under investigation, in 


one instance the whole amount of 6-AzUR was excreted. while in two instances all 


of it was retained or became metabolized. We feel inclined to believe, however. that 
excretion and/or retention of 6-AzUR are subject to fluctuations, since in patients 


where we studied excretion from day to day for a prolonged period of time, compara- 


tively great fluctuations in the amount excreted were noted, but no instance of total 


retention. 
We endeavoured to include in our series, cases with different types of malignant 


disease. In doing so we wanted to ascertain differences, if any, in 6-AzUR retention 


between single types of tumours. The response of single types of tumour to a given 


cytostatic differs greatly, and is also often different in one and the same type of 


malignant disease. We were therefore anxious to include in our first investigation a 


somewhat wider range of tumours. However, with the exception of the remarkable 


instance of total 6-AzUR retention in two cases of lymphogranuloma, it does not 


seem to us that we could draw further conclusions from the other types of tumo- 


rous disease included in the present series. It is also possible that the method em- 


ployed by us for the determination of 6-AzUR excretion is not accurate enough to 


ascertain minuter changes in the excretion which would be necessary to answer the 


question that we put to ourselves in the present experiment. 
In most cases, after repeated doses the amount of 6-AzUR retained by the organism 
did not exceed a certain limit. This finding might be of significance when one goes 


deeper into the question of therapeutic utilization of this drug. We believe that, in 
order to obtain such levels of 6-AzUR in tumour tissue as might be required for 
the inhibition of metabolic processes of nucleic acids, it is necessary to search for 


new forms of application (administration at shorter intervals, local application, 
chemical substitution of 6-AzUR leading to increased retention). 


REFERENCES 
. V. HABERMANN and F. Sorm, Coll. Czechoslov. Chem. Commun. 23, 2201 (1958). 
. F. Sorm and H. KeitovA, Experientia 14, 215 (1958). 

J. J. Jarre, R. H. HANDSCHUMACHER and A. D. Wetcu, Yale J. Biol. Med. 30, 168 (1957). 
V. Cerny, L. SANDor, V. UsnAzy and A. WINKLER, Neoplasma 6, 175 (1959). 

. J. Skopa and F. Sor, Coll. Czechoslov. Chem. Commun. 24, 1331 (1959). 

. J. Skopa, V. F. Hess and F. Sorm, Coll. Czechoslov. Chem. Commun. 22, 1330 (1957). 


Cc 


| 
4 
4g 
4 
Cc 
2 
4 
: 


Biochemical Pharmacology, 1960, Vol. §, pp. 206-2'8. Pergamon Press Ltd., Printed in Great Britain 


MUTAGENIC EFFECTS OF NITROGEN MUSTARD 
DERIVATIVES OF AZO-BENZENE COMPOUNDS 
IN DROSOPHILA MELANOGASTER 


PuRDOM*?* 


Beatty Research Institute, Institute of Cancer Research, 
| Marsden Hospital, Fulham Road, London, $.W.3 


(Received 8 July 1960) 


iwenic effect was 
were the most 
ia. Within the 
renic Cilect suggecsti 
ne cuion of the mu 


inked recessive lethal 


is determined by a spectrophotometric 
ppeared to be excreted in an 


f action of the compound which 


nustard series, its mustard homologue and a 


were also tested for mutagenic action. Only the former was 


issed in relation to the hypothesis that reduction of the azo- 


uisite for the mutagenic activity of the azo-mustards 


INTRODUCTION 


ATTEMPTS to discover chemical mutagens extend back to shortly after the re-discovery 
of Mendel’s Laws. These carly studies were of little value’ and no conclusively positive 
results were obtained until the discovery, in Drosophila of the mutagenic effects of 


mustard gas (S(CH,CH,Cl),). Further discoveries of other chemical mutagens arose 


independently.*: * The field rapidly expanded and a wide range of chemicals, from 


inorganic salts to complex organic molecules like the alkaloids and purine derivatives, 
is now known to be mutagenic in a wide diversity of organisms 

The discovery of the ability of certain chemicals to produce mutations led, initially, 
to the hope that information on the structure of the gene might be obtained by an 
analysis, akin to formal chemistry, of the reaction of mutagens with possible gene 
structures.* But while the chemistry of these agents has been widely studied, particularly 
with respect to ther pharmacological properties,® there has as yet been no link-up 

* This work represents part of the studies presented as a Thesis for the degree of Ph.D. in the 
University of London and was done under tenure of a Gordon Jacob Fellowship of the Royal 


Marsden Hospital 
Present address: Radiobiological Research Unit, M.R.C., Harwell, Didcot, Berks 
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with the recent intensive work on deoxyribosenucleic acid, now widely regarded as 
the genic material. Furthermore, the ever increasing diversity of chemicals possessing 


mutagenic properties has raised the problem of whether or not their action can be 


interpreted as a specific and direct chemical reaction with the chromosomal material. 
The most common method of approach for the resolution of the above problem 


has been to compare the effects of different agents. While many differences of effect 


have been demonstrated, in no case has it been established that the cause of the 


difference lies in the primary mutagenic action of the various agents. In a recent 


review, Auerbach’ has described some secondary effects which might give rise to the 


observed differences between such mutagenic agents 


Since the early days of radiation mutagenesis, it has been known that different cell 


types vary in their sensitivity to the mutagenic action of radiation. This principle was 


also found to hold in chemical mutagenesis and, in addition, it was found that the 


pattern of genetic sensitivity depended upon whatever chemical agent was used and, 


in some cases, how it was used. Such variations were principally detected in the various 


germ cell stages present in the testis of Drosophila. The advantage of the Drosophila 


testis was that it contained all stages of spermatogenesis and that the sperm used in 


successive matings came from successively earlier stages relative to the time of treat- 


ment. A sequence of broods could be obtained by mating treated males to fresh samples 


of virgin females at given intervals and the mutation frequencies observed in these 


broods would then be an indication of the sensitivity of certain germ cell stages 


[he present study was undertaken to examine the brood sensitivity pattern produced 


by nitrogen mustard derivatives of azo-benzene. These compounds, derived from 


4-bis-5-chloroethylaminoazobenzene (1), were synthesized in the expectation that 


they would be chemically inert,* the chlorine atoms of the mustard group having a low 


reactivity as a result of the powerful electrophilic properties of the azo group. It was 


thought probable, however, that enzymic reduction of the azo-linkage, if it occurred, 


would produce the highly reactive hydrazo (11) and amino compounds (III). 


CH,CH,CI 


CH,CH.,C! 


(I) 


CH,CH,C! CH,CH,C! 


CH,CH,CI 
(I) (11) 


CH,CH,C! 


This supposition was supported by the correlation between the cytostatic effects 
towards the Walker rat carcinoma and the reducibility in vitro of compounds of this 


series.” 
If, for mutagenesis, these azo-mustards require enzymic reduction, then this might 


have some influence on their effectiveness within the germ cell stages found in the 


Drosophila testis. 
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The experiments described below were designed to determine the dose effect in 
addition to the germ cell stage sensitivity pattern. Data on dose effects in chemical 
mutagenesis studies are very scanty, due mainly to the difficulty of administering a 
given dose of mutagen. With the technique reported below this difficulty has been 
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MATERIALS AND METHODS 


umined most extensively, and also used in the study of the dose 
acid (LV) 
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Compounds were injected into the abdomens of adult male Drosophila melanogaste: 
of the Oregon-K strain 48-4 hr after emergence. Compounds (IV), (V) and (V1) were 
injected as solutions of their sodium salts in 0-4°, saline. Compound (VII), which is 
highly unstable in aqueous solution, was dissolved and injected in arachis oil 

\ micrometer syringe (“Agla” Burroughs Wellcome & Co.), equipped with 
glass needles drawn to a short fine point, was used for the injections. These were done 
under a stereoscopic microscope at a magnification of about 20. The syringe was 
clamped to a stand such that the point of the needle was about } mm from the micro- 


scope stage. The etherized males, with wing-tips removed, were held with fine forceps 


and the needle was inserted mid-dorsally between the last two sclerites. The syringe 
mounting was sufficiently elastic to enable the required movement to be made with 
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ease. As a check, groups of males were weighed before and after injection. Using the 
above method, a group of about twenty males could be treated during a single 
etherization 

In a series of twenty-seven sets of injections, using the above technique, the average 
weight of aqueous solution injected per fly per unit on the micrometer scale was 
0-19 mg; one unit on the scale representing 0-2 jl. Over the twenty-seven observations 
the correlation between weight of solution injected and the volume as measured on the 
micrometer scale was 0-98; volumes from 0:1 to 0-6 ul were injected 


0 


he Muller-5 technique'® was used for the detection of sex-linked mutations and 


the brood sensitivity pattern was obtained by mating each treated male to two fresh 
virgin females at 3-day intervals. F, cultures were scored initially by observation 
through the glass wall of the vial using a magnification of 20. Cultures suspected 
of contaming a mutation were examined carefully after ctherization. This examination 
was repeated until no further eclosion occurred. The mutations were classed as lethal 
if no non-Muller-5-males eclosed, or, as visible in the presence of phenotypically 
distinguishable flies. Mutations were confirmed in an F, 

Unhatchability tests were made on eggs laid by Oregon-K females inseminated 
with sperm from treated males, the egg-laying periods of 24 hr being mid-way through 
the usual brood interval. Unhatched eggs were examined for the presence of dominant 


lethals after staining by a modified Feulgen technique." 


RESULTS 


The 2zo-mustard (IV), like other chemical mutagens and X-rays, produced partial 
sterility in the treated males, the degree of sterility varying in different broods. Table | 


summarizes the results on sterility brood patterns 


TABLE |. FERTILITY OF MALES INJEC TED WITH THE AZO-MUSTARD (IV) EXPRESSED AS 


THE AVERAGE NUMBER OF OFFSPRING PER Fa MALE IN EACH BROOD 


Dose 


me 


The sterilizing action of the azo-mustard (IV) was most marked in the first three 
broods and, of these, brood II was frequently the most sterile. Broods IV and V were 
almost always highly fertile and in later broods fertility was so high that the majority 
of F, cultures were discarded in order to score the remainder thoroughly. 

lable 2 summarizes the data on egg unhatchability. A cytological examination of 
control unhatched eggs from a different series of experiments showed that 63 per cent 


of these were fertile when the unhatched frequency was 23 per cent. If it can be assumed 


4 
Brood 
% 
Expt 
lil 1\ \ Vi Vil 10~°/fly 
P +-6 31 3-0 1-4 9-2 6-4 6:8 32-2 
61-6 51-0 31-8 29-0 47-4 0-0 
P 38-9 41 32-0 50-7 7-8 
26-6 29 «46-7 | 368 18-7 
24-4 1-8 16-9 21-0 22-6 
P 074) 10? | 105 93-6 0-0 
| 2 > + 
Po 27-4 21-4 68-1 33-1 6? 16°5 
5-4 3-2 0-8 6-7 5-3 69 34 
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that 63 per cent of the control unhatched eggs were fertile in the present experiment 


then the calculated spontaneous contribution to the fertile and non-fertile eggs in the 
experimental series was twenty-four and fourteen, respectively. Subtracting these 


estimates from the observed numbers of fertile and non-fertile eggs indicates that in 
371 induced unhatched eggs, only twenty-one (5-7 per cent) were fertile and, therefore, 


TABLE 2. EGG UNHATCHABILITY INDUCED BY THE AZO-MUSTARD (LV) 


(Data from broods I-III. Dose 31-6 10-° mg fly.) 


Experimental Control 


Cytological examination 
Fertile Non-Fertile 


4569 


TABLE 3. BROOD MUTATION FREQUENCIES FOLLOWING INJECTION OF THI 


4ZO-MUSTARD (LV) 


Brood 


145 102 


0-0 0-0 


0-0 


true dominant lethals. It is obvious that dominant lethality contributed little to the 


total induced egg unhatchability 


Sex-linked recessive mutation 
The data on the induction of sex-linked recessive lethals by IV are summarized in 
ables 3 and 4. Irregularities in the number of tests per brood in each experiment 


a 
a 
No. eggs laid 7087 
No. unl ched 619 45 77 
un! ched 87-4 8-3 
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No. lethals 26 2 8 
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were due to lack of F, offspring, conditioned by sterility in the earlier broods, and 
F, male mortality in the later broods. In the majority of experiments the highest 
mutation frequency was found in brood IL, broods | and III were also highly sensitive 
to the treatment, brood LV was very much less so and in later broods there was no 
evidence of induced mutation. In all but the experiment with the lowest dose, the 


differences between mutation frequencies in broods | and II were not statistically 


significant. The high degree of sterility in brood Il made it impossible to put 
up sufficient tests to obtain an efficient estimate of the mutation frequency. In two 
experiments using doses of 1-65 and 1-85 mg 10-*/fly (Table 3) where large numbers 
of tests were put up in brood II, mutation frequencies in the first three broods showed 
little variation. Lt seems plausible that in these experiments some overlapping occurred 
so that high sterility and mutagenic sensitivity were shared among the broods. 


TABLE 4. BROOD MUTATION FREQUENCIES FOLLOWING INJECTION OF THI 
A4ZO-MUSTARD (LV)—( contd.) 


Brood 


Dose 
Vil Vill mg 
10~°/fly 


tests 2 22-6 
lethals 


tests 
lethals 


tests 
. lethals 


tests 
. lethals 


tests 
lethals 


tests 
lethals 


The experiment at the lowest dose (expt. Pu, Table 3) was designed to clarify the 
situation with respect to mutagenic sensitivity in the first three broods. The dose of 
0-35 mg x 10 -*/fly was chosen in the hope that there would be little sterility in these 
particular broods. The choice proved successful and there was no lack of offspring 
in any of the broods. It was decided to make a lower number of tests in brood II on 
the grounds that if the mutation frequency was highest here, then a greater number of 
tests in broods I and III would improve the efficiency of the experiment. The total 
number of tests set up was the maximum that could be handled. In brood IIL the 
mutation frequency was almost double that in broods I and III. Comparing the three 
broods for homogeneity gave a y? of 30 for 2 d.f. (P < 0-0001). This highly significant 
result demonstrates conclusively that the germ cells contributing predominantly to 
brood II were the most sensitive to the mutagenic action of the azo-mustard IV. 
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The effect of dose 

The data on dose effect for sex-linked recessive lethals can be seen in Tables 3 and 4 
where the experiments have been listed in order of increasing dose of mutagen. In 
Fig. | the results are represented graphically, the weighted regressions being fitted by 
maximum likelihood such tl 1 + bx, where y is the frequency of lethals per 


cent, and x is the dose ulagen Sstered, in mg lO *. The parameters, their 


A 


goodness of fit, are included in Table §. The regression 

nt except in brood IV. In this brood the mutation rate 

ere not sufficient to supply a precise estimate. The y? for 
l-IV showed a hi; significant deviation from linearity 

to be expected because of the variations between broods, with 


on rates and sterility. Similarly, in brood II there was a high 


ant at the 5 per cent level. This could be a chance effect but 


he fact that selective toxicity towards the germ cells was most 


he remaining broods the y? values showed no deviation from 


wear effect. In no instance could a plausible case for a curved 
regression be put fi ird. The data are consistent, therefore, with the hypothesis that 
the mutation frequency increases linearly with dose 


During the above experiments it was noted that the orange-coloured azo-benzene 


compound could be observed, within 30 min of injection, in the faecal pellets of 
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treated males. The amount of the azo-compound excreted was, therefore, determined 
spectrophotometrically. The optical density of a solution of the excreted azo compound 
was measured in a Unicam S.P. 500 spectrophotometer, A = 530 my, using as a 


blank a similar solution from saline-injected controls. The amount excreted was 


determined by interpolation, using a graph relating optical density to concentration 


TABLE § STATISTICAI ANALYSIS OF THE DATA ON DOSI EFFECT WHERE } 


! FREQUENCY OF LETHALS IN °.. x DOSE IN MG 10-°/ PLY 


Brood h 
0-212 0-198 0-021 
0-460 0-157 0-047 
0-190 0-116 0-021 


0-906 0-302 0-004 0-014 


338 0-236 0-164 0-025 7 11 


as measured with the solution originally made up for the injections. The results of 
three such experiments (Table 6) showed not only that excretion was rapid, but also 
that between 90 and 100 per cent of the injected azo-mustard was excreted as an 
azo-compound, These results were surprising in that the expected mode of action of 


the azo-mustards involved reduction. 


TABLE 6. THREE SEPARATE MEAS REMENTS OF THE AMOUNTS OF INJECTED MUSTARD (IV) 
EXCRETED BY Drosophila MALES 


No. males injected 
Total weight mustard injected 
Weight excreted: 0-24 hr 
24-48 hr 5 6-0 
residue in fly d 30-5 0-0 
Fotal weight excreted residue 203-5 142-5 164-0 


Recovered ( 90-0 101-3 104-4 


[he compounds (V), (VI) and (VIL) were tested in an attempt to distinguish between 
the possibilities that the mutagenic action of (IV) was a property of: 
(1) The mustard group per se. 

(11) The azobenzene group per se. 

(ui) The mustard group when activated through reduction of the azo-linkage; 
the reduction occurring: (a) in the germ cells affected, or (b) at other sites. 
followed by diffusion of the products into the germ cells. 

The results of these mutation experiments are presented in Table 7; the average 
dose per fly for each compound is included in the last column. 
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The non-mustard azo-compound (VI) showed no mutagenic activity, while its 
mustard derivative (V) produced a highly significant increase in mutation frequency 
at an equivalent molar dose. 

The reduction product (VIL), injected in arachis oil, likewise showed no mutagenic 
activity. A similarly non-toxic dose of (LV) had given a mutation frequency of 2-1 per 
cent (Table 3, Pu). If one assumes: (a) a linear relationship between dose of mutagen 
and mutation frequency; (b) that 10 per cent of the injected azo-compound was 


TABLI BROOD MUTATION FREQUENCIES FOLLOWING INJECTION INTO ADULT Drosoplila 
/ 


melanogaster MALES OF A, B AND ¢ 


Totals 


acid (V1) 
Chromosomes tested 38 712 2924 
Lethals 
lethals 2 0-28 0-24 
2'-carboxvlic acid (V) 
Chromosomes tested 2 906 3602 
Lethals 33 ; 18 94 
I-p-phenvlenediamine (V11) 
Chromosomes tested : $60 2746 


Lethals 


reduced to the amine VII; and (c) that the amine was the active agent, the molar dose 
of the amine would be equivalent to a molar dose of (LV) that produced 15-6 per cent 
sex-linked recessive lethals. This expectation must be modified, however, since the 
amine was administered in arachis oil, and under such conditions mutagens are 
generally only about one-tenth as efficient as when they are administered in aqueous 
solution.’* Thus a mutation frequency of about 1-6 per cent would be expected. The 
observed frequency was only 0-18 per cent 0-17, this is significantly lower than 
expectation and does not differ significantly from the spontaneous mutation frequency 


which, in the stock used, was about 0-3 per cent 


DISCUSSION 


In the testes of newly hatched male Drosophila all germ cell stages up to non-motile 


spermatozoa are present. The immature spermatozoa mature rapidly and, at the time 


of treatment (48 + 4 hr after emergence) cell stages from spermatogonia to fully- 
mature spermatozoa are represented 
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Information on the identity of germ cell stages sampled in successive broods of 
offspring from treated males is somewhat contradictory. The significant part of the 
controversy concerns the position of that brood in which the sperm is derived from 
cells undergoing meiosis at the time of treatment. Some observations on the induction 
of dominant lethals by X-rays have suggested that meiotic cells are sampled in brood 
[V 8 and others, of a similar nature. suggested brood III.'*: © Histological studies on 
the testes of males of the wild type stock used in the present work suggested, however. 
that meiosis is sampled in brood V."* This conclusion being supported by a study of 
germinal selection in the brood sequence!’ and by an analysis of autosomal lethal 
mutation clusters.'* Clusters were frequent in broods VI onwards. but absent from the 
earlier broods. Such clusters arise when mutations are induced in dividing 
spermatogonia. 

For the interpretation of the brood pattern produced by the azo-mustard (IV). it is 
immaterial whether meiosis is related to brood IV or V. In either case the mutagen 
was highly effective towards spermiogenic Stages and, except for a very low mutagenic 
effect in brood IV, ineffective in the earlier Stages of spermatogenesis. The stage most 
sensitive to the mutagenic activity of the azo-mustard was that sampled in brood II, 
probably late spermatids. Both mature spermatozoa and early spermatids were 
somewhat less sensitive. 

The genetic sensitivity pattern was closely paralleled by the toxic effect of the 
treatment as measured by egg unhatchability or sterility. The induced egg 
unhatchability was due chiefly to the absence of sperm and since quite drastic 
chromosomal aberrations do not render sperm inviable, it would appear that the 
sterility effect was a general cellular toxicity and not a genetic phenomenon. In this 
case, the close parallel of genetic and toxic effects would suggest that they are both 
determined by some general aspect of the treatment such as penetration of the mutagen 
into the cell. The different degrees of genetic sensitivity of the germ cell stages, the 
brood pattern, were merely the response of the chromosomes in the respective cell 
types to different concentrations of the mutagen. A similar parallel was found between 
the mutation and the sterility brood patterns for another class of chemical mutagens 
(amino acid mustard'*) in which the actual pattern differed from that above. 


Dose effect 
Analysis of the results with respect to individual broods showed that. for the azo- 
mustard (IV), the mutation rate was constant over the dose range 0-0 to 32:3 
mg/fly (Table 5). 
A linear dose—mutation frequency relationship has been described for triethylene- 


iminotriazine.**: *° This was based on total mutation frequencies over a series of 
broods. The interpretation of this relationship is, however, complicated by the fact 
that the broods sampled were markedly heterogeneous with respect to the induced 
mutation frequency and sterility and that the number of broods included in the sample 
varied at different doses. In particular the higher doses were tested only over the first 
four broods, the lower doses" were tested in up to seven broods. 

Muller** reviewed the problems associated with the linear dose-relationship in 
radiation genetics with particular respect to the “target” theory. One major objection 
to this theory was that radiations may produce some of their effect through the forma- 
tion of a chemical intermediate, since certain irradiated materials proved mutagenic 
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to bacteria.“2 The results of the present study lend some support to this objection, 
since the formation of a chemical intermediate need have no marked effect on the rate 
of increase of mutation frequency with respect to dose, provided that the production 
of the chemical intermediate is itself linearly related to the dose of radiation given 
This latter point is difficult to demonstrate in living cells. Peroxides, however, have 


heen closely linked with the genetical effects of radiation and it is significant that, at 


least at low doses, the production of H,O, in irradiated water is linearly related to 


dose.* nea tionship between dose and effect for nitrogen mustards, however, 

ted to include other mutagens like peroxides. A conclusive proof 
of the above point would require an exhaustive knowledge of the chemical changes 
induced in th ll by radiation, and of the quantitative mutagenic effects of the possible 
secon 


the “target” theory concerns the dose effect on small 
‘nt two-break effects followed a single hit rule:* in other 
words, the effect of le event was spatially separated im _ the 
omosome explanation of this ar ly he linear dose relationship 
the two-brea mall aberrations arose through the breaking of the chromosome 
rate ionizations within the ion cluster of the final track of an 

e frequency of these ion clusters being proportioned to dos¢ 


that the frequency of small deficiencies produced by mustard 


produced by X-rays at mutagenically equivalent doses 
mparable to mustard gas in their production of small deficiencies, 
ible. then for chemicals a! the frequenc vy of small deficiencies 
Is proportional dose. Deficiencies form a large part of the sex-linked lethal count 


(20 per cent) and increase proportional to the square of the dose should produce a 


the total lethal frequencies: this was not observed. The hypothesis 


s induced by radiation re the result of two breaks produced by 
yn cluster is, therefore, unnecessary since it cannot be argued that 


lic action for cl als is similarly non-randomly distributed 


from previously tested mustard compounds in that the 
One hypothesis on their mode of action 


ge might be enzymically reduced in vivo to produce the highly 


irds. An alternative hypothesis was that the mustard group was 

mutagenic a n. but that this was a property ol the azo- 

roup, t azo-compound 4-dimethylamino-azobenzene (butter yellow) 

being mutagenic osophila.* The lack of any measurable mutagenic effect of the 

non-mustard azo-compound (VI) at a dose at which the mustard homologue (V) 

produced up to 3-5 per cent sex-linked recessive lethals was, however, conclusive 

against this alternative hypothesis. The mutagenic properties of the azo- 
mustards are clearly dependent on the presence of the chlorocthylamino group(s) 


Two hypotheses have been put forward to explain the mutagenic properties of the 
mustard group in the above azo-mustards, either that the mustard group may react 
directly with the genetic material, or that it may require activation by reduction of the 


azo-bond. We will consider the second of these hypotheses. 
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If the reduction occurred at sites remote from the germ cells, the highly reactive 
reduction product would have to diffuse intact, perhaps for a considerable distance 
The treatment of flies with a solution of the mustard (V) in arachis oil was an attempt 
to reproduce this condition. The absence of any mutagenic effect in this experiment is, 
therefore, evidence against the hypothesis that the mutagenic action of the azo- 
mustards depends on reduction of the azo-linkage outside the germ cells 

Unlike the inhibition of tumour-growth, which may be due to diverse reactions at 
various sites, the production of mutations appears to be a specific phenomenon. One 
must suppose that the mutagenic potentialities of a compound can be realized only 
if it can penetrate the nucleus in its active form. Thus a highly reactive chemical 
would appear non-mutagenic because of its inability to reach the chromosomes 
unchanged. In view of this possibility a simple correlation between chemical reactivity 
and mutagenicity should not be expected. In fact, such a correlation has not been 
found except in closely related members of homologous series.2’: 2° In view of this. 
the failure of the highly reactive reduction product (IV) to produce mutations may be 
plausibly attributed to an inability to reach the genetic material in sufficient concentra- 
tion to produce a measurable effect. This interpretation is supported by the observa- 
tion that less reactive, but otherwise similar, arylhalogenoalkylamines have been 
shown to be mutagenic in Drosophila.*’ 

It is necessary, therefore, to suppose that if reduction of the azo-linkage is a pre- 
requisite for the mutagenic action of the azo-mustards, it must take place inside the 
germ cells and therefore close to the chromosomes. This would require the presence 
of the appropriate enzymes in the germ cell. Little appears to be known about meta- 
bolism in the sperm of insects, but in mammalian sperm the middle cytoplasmic 


area has been shown to be rich in enzymes.** This hypothesis is, therefore, at least 


plausible. The fact that the fly was able to excrete at least 90 per cent of the azo- 


compound in an unreduced form, plus the fact that the mutation frequency—dose 


relationship was linear, suggested, that reduction of the azo-bond was not a necessary 
prerequisite for its mutagenic action. The brood sensitivity pattern did not seem to 
be correlated to cell metabolism since the more actively dividing cells proved resistant 
to the mutagenic action of the azo-mustards. The brood pattern would appear to be 
determined, in part at least, by secondary characters such as the degree of penetration 
of the mutagen into the cells, such that this lack of effect in actively metabolizing 
cells cannot be viewed as evidence against the hypothesis that the azo-mustards exert 
their mutagenic effect only after intracellular reduction. 

A possible explanation of the mutagenic efficiency of the azo-mustard might be 
that their relatively low reactivity enables them to penetrate the cell easily. Thus the 
chromosomes might be exposed to a high actual concentration of the compound, 
whereas, with the more reactive mustards only a very small fraction of the given dose 
actually reaches the chromosomes. Such an hypothesis, although tentative, would be 
supported by the linear dose effect and would also explain the excretion of the azo- 
compound largely unreduced. 
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Abstract 
measuring the percentage of cells which reduced neotetrazolium in the presence of 
the inhibitor. The mode of inhibition sugg 


The inhibition of dehydrogenases of 


human leukocytes was estimated by 


ests a mechanism involving pyrophosphate- 


linked coenzymes, divalent cations. and s ilfhydryl groups. Dehydr 


Ogenase activity was 
also found to be influenced by a variety of other substrates and inhibitors 


ENZYMATIC reductions of tetrazolium salts have be 


en shown in a variety of tissues. 
he activity has been related to DPN-* and I'PN-linked flavoproteins called dia- 


phorases,' and to the succinic dehydrogenase complex.?: 2 The ability of human 


neutrophilic leukocytes to reduce neotetrazolium and thus to demonstrate dehydro- 


genase activity has been reported by Wachstein.' Vercauteren® and by DeSouza and 
Kothare using nitro blue tetrazolium.® Neotetrazolium, water soluble and colorless, 
produced cytoplasmic purple granules (formazan) when in 
indicative of cytoplasmic sites of reducing 


cubated with leukocytes, 
activity. Hexetidine, a synthetic antibacterial 


agent with a broad antibacterial and antifungal spectrum, has pre\ iously been shown 


to inhibit the methylene blue coupled oxygen consumption in human erythrocytes.’ 
The inhibition was competitively antagonized by TPN 


and to a small extent by 
thiamine pyrophosphate (TPP). In contrast. glycolytic reactions were found to be much 
less sensitive to the inhibitor. TPP has also been found to b 


¢ effective in reversing the 
inhibition of pyruvate oxidation by a particulate fraction of spores of B. cereus var 
terminalis.* Hypothetically, therefore, inhibition of res 
selective mode of action of hexetidine. 


piratory enzymes may be a 
In substantiation of this hypothesis, in this 
report hexetidine was observed to inhibit neotetrazolium-reducing dehydrogenases 
when incubated with leukocytes, as demonstrated by a diminished number of cells 
containing microscopically visible cytoplasmic formazan granules. The activity could 
be restored by DPN and by several divalent cations. 


notably zinc ions. The effects of 
a group of substrates and inhibitors on the endogenous reaction were 


also observed. 


EXPERIMENTAL 


Collection of cells 


Leukocytes were obtained by centrifugation of heparinized human venous blood 
in Cushman tubes. Two tubes of from 8 to 10 ml cap 


acity provided sufficient cells 


*Abbreviations used are: hexetidine (1 : 3-bis- 3-ethylhexyl-5-methy |-5-aminohexahydropy rimidine) 
obtained from the Warner Lambert Research Institute, Morris Plains, New Jersey: DPN, TPN, 
di- and tri-phosphopyridine nucleotide, respectively; TPP, thiamine pyrophosphate; F-1 : 6-di-P. 
fructose-1 : 6-diphosphate; F-6-P, fructose-6-phosphate ; G-6-P, glucose-6-phosphate. 

* Fabian Lionetti unpublished observations. 
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for a typical experiment. Plasma was aspirated, discarded, and the “buffy coat” of 


leukocytes extending into the capillary part of the tube carefully removed with a small 
syringe and a long (no. 15) needle. The cells from 10 ml of blood were suspended in 
7-0 ml of 0-11 M phosphate buffer at pH 7:2. 


Reagents 

Saturated neotetrazolium chloride solution (about 0-3 per cent w/v) was made by 
adding an excess of the salt to the buffer and shaking mechanically for from 5 to 
10 min followed by filtration through medium porosity paper. Substrates, cofactors 
and inhibitors were also dissolved in buffer to give the concentrations shown in the 
tables. Hexetidine solutions were prepared as described previously.’ Phosphorylated 
carbohydrate esters were obtained as the barium salts, barium ion was removed by 
treatment with a slight excess of saturated potassium sulfate and the BaSO, removed 
by centrifugation. The supernatant solutions were diluted with buffer to yield the 


concentrations used 


Procedure 

The incubation medium contained 3-0 ml of buffered neotetrazolium (0-11 M 
phosphate pH 7-2), 1-0 ml of leukocyte suspension containing approximately | 10" 
mixed granulocytes and 2-0 ml of buffer containing various substances in 15-0 ml 
conical-shaped centrifuge tubes. Controls contained buffer, neotetrazolium and cell 
suspensions. The total volume was 6-0 ml. Six tubes were used in most experiments 
and were incubated for | hr at 37 “C in a water bath. They were then centrifuged at 
500 =< g for 10 min and nearly all (about 5-5 ml) of the supernatant solution was de- 
canted. A drop of the concentrated cell suspension at the bottom of the tube was 
transferred to a slide and mounted as a wet preparation, using a coverslip with greased 
edges. The slides were further incubated at room temperature for a second hour. 
They were then observed microscopically (» 1000) under an oil immersion lens. Of 
the mature neutrophiles 300-400 were counted and the percentage which contained 
one or more distinct formazan granules was recorded. Clumped or disrupted cells 


were not included 


RESULTS AND DISCUSSION 


Whereas several di-tetrazolium salts (blue tetrazolium and a nitro derivative, 
nitro-BT) have been shown to possess advantages for histochemical application,': * 
good diformazan deposition was obtained from neotetrazolium with simple media 
in aerobic incubations. Diformazan granules produced were well formed, very dark 
and not noticeably diffuse when substrates were present. However, the cytoplasm of 
the cells always contained sufficient endogenous substrates for a visible reaction. The 
leukocytes in the control tubes of a large (approximately fifty) number of experiments 
contained from 30 to 90 per cent of stained neutrophiles, depending on conditions. 
In a single sample of cell suspension the endogenous reaction could be measured with a 
precision as indicated by the mean deviation 9-0 per cent. Erythrocytes were 
unstained. Platelets and lymphocytes, however, did contain visible granules. The 
endogenous staining reaction could be diminished and occasionally abolished by 
several conditions. Storage of the cell suspension overnight at 4 “C, or maintaining 
a sterile whole blood sample at 25 °C for approximately 8-10 hr prior to the collection 
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and pre-incubation of the cells depleted the endogenous substrate and reduced the 
production of formazan granules from 50 to 60 per cent. Furthermore, washing the 
cells three times in isotonic (0°15M) NaCl and then pre-incubating them at 25 °C for 
4 hr further reduced the dye reduction, but disruption of much of the cells invalidated 
quantitation. Whereas the formazan granules in unfortified preparations became 
diffuse after 2-3 hr and usually disappeared in about 5 hr, those produced when sub- 
strates such as succinate were present (Table 1) remained sharp and distinctly visible 
for 5 hr. The morphological characteristics of the reaction have been well characterized 
in drawings by Vercauteren.® 

The persistence of a high endogenous dye reduction defeated most of the attempts 
to define substrate and cofactor dependencies of the reaction. The cells frequently 
clumped or lysed when allowed to pre-incubate at 25 °C sufficiently long (4-5 hr) to 
make the enzyme reaction dependent on exogenous substrate. In spite of this limita- 
tion, it was still possible to detect and estimate the effects of a number of substrates 
and cofactors for dehydrogenases (Table 1). While in some instances noticeable 


TABLE |. EFFECTS OF VARIOUS SUBSTANCES ON DYE REDUCTION IN LI UKOCYTES 


Mean °% change in cells with 
Substance added Number of Molarity formazan granules 
experiments (+ increase, — decrease) 


Succinate 0-012 +126 


Succinate 4 0-020 


malonate 5 0-012 33 

Malate 5 0-018 +30 
Pyruvate 5 0-019 + 5-4 
isoCitrate 5 0-013 3-0 


Glucose s 0-018 +5] 
G-6-P 7 0-016 5-0 
F-6-P 5 0-016 7-0 
F-1 : 6-di-P 0-008 3 


lodoacetate 4 l 10-4 64 
p-Chloromercuribenzoate 2 | 10-4 57 
Fluoride 9 0-020 +73 
Versenate (Nay) 6 0-037 +21 
Hexetidine 6 2-4 55 


DPN 5 1-7 x 10-4 14 
TPN 5 90 « +10 


The basic system contained only neotetrazolium, phosphate buffer and leukocytes, as described 
in the text. 


changes in the amount of formazan pigment per cell were observed with some sub- 
strates (glucose, succinate), a regular finding was an increase in the percentage of 
cells containing the formazan. In the case of inhibitors (iodoacetate, hexetidine) a 
decrease in the number stained was observed. Quantitative estimation of enzyme 
activity by observing the percentage of cells stained per unit time in a medium of 
specified composition was therefore possible. Succinate, glucose, fluoride and sodium 
versenate were observed to stimulate the reaction, whereas iodoacetate, parachloro- 
mercuribenzoate, and hexetidine were very effective inhibitors. Malonate, classically 
known as a competitive inhibitor of succinate, was moderately inhibitory in a ratio 
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of malonate to succinate of slightly greater than 2:1. The other substrates were 
without effect on the reaction. However, in cells stored for 8 hr at 25 °C prior to incuba- 
tion with malate (0-012 M) the reaction was much more dependent on exogenous 
substrate, the stimulation by added malate increasing from a negligible effect of 
3-0 per cent (Table 1) to 81 per cent. Neither DPN, TPN nor a 7 PNH-generating 
system (glucose-6-phosphate + TPN) produced significant effects on the reaction. 
In contrast to findings of Antopol er a/.* with fibroblast cells. a-glycerophosphate 
plus DPN (a potential source of DPNH) had no effect. 

Many similarities to the results described by Vercauteren® were observed. Although 
he incubated the cells anaerobically in Thunberg tubes and examined smears fixed 
in formalin, the endogenous reduction of neotetrazolium (percentage of cells stained) 
was of similar magnitude to that given here. The only quantitative data for intact 
cells were obtained with inhibitors present. These data are much like the data obtained 
here, allowing for certain differences in concentrations of inhibitors. It is inexplicable 
to us that fluoride (3 10°") should inhibit Vercauteren’s system approximately 
30 per cent while at 2 10°-* M our reaction was markedly stimulated. With homo- 
genates of leukocytes, however, he found fluoride (3 10-* M) had no effect. 
Vercauteren has also shown that malate, pyruvate, citrate, and TPN did not affect 
the reduction of the dye in intact cells. These observations are confirmed in the data 
of Table 1. Glucose, however, was negative in the cells but stimulated the reaction in 


TABLE 2. EFFECT OF HEXETIDINE ON DEHYDROGENASES OF LEl KOCYTES 


Tube Hexetidine Cells stained 
(amoles) 


0 
0 
0-015 


Reduction of neotetrazolium was dependent on end- 
oOgenous substrates. as no substrate was added Hexeti- 
dine ts expressed as «moles per 6 ml of reaction mixture 
as described in the text 


homogenates. In our intact cell preparation a pronounced stimulation by glucose was 


observed. Anacrobiasis was not a requirement in our method although the wet 
mounted preparations were sealed during the final hour of incubation. 

[he behavior of hexetidine proved interesting in several respects. The various 
findings with this inhibitor suggested an inhibitory mechanism which operated by 
interaction with the phosphorylated constituents of coenzymes.’: * Some evidence 
which partially substantiates this type of mechanism was obtained with the leukocyte 
neotetrazolium method. The results of an experiment showing an increase in inhibition 
with increasing concentration of hexetidine are shown in Table 2. This effect could be 
observed regularly, although the amount of inhibitor necessary to reduce the number 
of cells containing formazan to 50 per cent varied appreciably in the cells from different 
donors. However, in most of the experiments described, the amount of hexetidine 
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necessary for this varied from 0-13 to 0-16 emoles per tube. Several cofactors were 
found which could relieve the inhibition if incubated simultaneously with hexetidine 
and the cells. Although DPN alone exercised no influence on the percentage of cells 
containing formazan, its presence with hexetidine in molar ratios of 5: ] abolished 
the inhibition. An experiment representative of such findings is shown in Table 3. 
TPN was without effect. With several notable exceptions cations did not effect the 
inhibited reaction. Mg** and Zn®* counteracted the inhibition. while Cu** was 
found to add to the inhibition. Zinc ion, however. in the inhibited cell preparation 


TABLE 3. ANTAGONISM OF HEXETIDINE BY DPN 


Hexetidine DPN Cells inhibited 


(umoles) 


0 
0 


* 99 per cent of cells contained formazan granules. 
100 per cent of cells contained formazan granules 
Concentrations are in umoles per 6 ml of reaction mixture. 


could repeatedly be shown to reduce the inhibition (Table 4). Other cations in amounts 


up to five times the amount of hexetidine had no measurable effect on the dye reduc- 
tion or inhibited reaction. These included NH,*, Ca®*, Co?*, Hg**, Mn?*, and Fe? 
The relative stimulation of the enzyme reaction with succinate. in contrast to the 


other intermediates of the tricarboxylic cycle, is interesting in light of the pattern of 
inhibition displayed. That sulfhydryl active sites are involved is suggested by the high 


TABLE 4. PARTIAL ANTAGONISM OF HEXETIDINI INHIBITION BY ZINC ION 


Tube Hexetidine Zine ion Cells stained 
(umoles) (umoles) CA) 


l 94 
2 0-15 0 52 
3 0-15 0-15 44 
4 0-15 0-38 70 
5 0-15 0-75 84 


rhe units of concentration are similar to those of Tables 2 and 3. 


inhibition shown by | 10~* iodoacetate and 1 x 10-4 p-chloromercuribenzoate. 
Circumstantially, at least, hexetidine resembles this group. The relative increase in 
dye reduction by endogenous substrate in the presence of versenate and fluoride 


Suggests that the enzyme reaction is facilitated by complexing interfering cations 
(possibly Cu**). The reversal of the inhibition seen with hexetidine by several cations 
Suggests that complexing of ions is one mode in which it might act biologically. In a 
non-cellular experiment, the formation of a complex of hexetidine and Mn?*. or 
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Zn** (between pH 6-0 and 7-5) or Cu** (between pH 3-0 and 5-0) has been observed 
potentiometrically.’® Of these, however, only Zn** could be shown to reverse the 
action of the inhibitor biologically. Finally, the reversal of hexetidine action by 
simultaneous incubation with DPN is consistent with the idea that hexetidine might 
act by disruption of an active sulfhydryl linked enzyme—ion—coenzyme complex such 
as that described by Van Eys and Kaplan" in explaining why DPN and DPNH 
competitively antagonize o-phenanthroline inhibition of yeast alcohol dehydrogenase." 
Attempts to show interaction of inhibitor with either DPN or Zn**, or both, by 
spectrophotometric methods were unsuccessful. That reduced pyridine nucleotides 
do not couple directly to neotetrazolium has been shown by Farber ef a/.' who 
attribute the dye reduction to diaphorase enzymes. The leukocyte system, being most 
responsive to added succinate, may reduce neotetrazolium chiefly through the succinic 
dehydrogenase complex 


icknowledgement—We are greatly indebted to Dr. Wm. McNary of the Department of Anatomy of 
the Boston University School of Medicine for valuable advice on histological techniques. 
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Abstract—The rate of absorption of N-methylpyridinium-2-aldoxime methane sul- 
phonate (P2S) after intramuscular and oral administration has been investigated in man. 


It is found that 30 mg per kg body weight can be given intramuscularly without 


serious pain. The rate of absorption varies considerably, however, peak plasma con- 


centrations averaging 15 wg per ml are reached after 20 min and after 90 min the 
concentrations are about 9 yg per mJ. After 5-10 min most of the patients are expected 
to have therapeutic plasma levels. 

Maximum concentration in plasma after oral administration of 45 mg per kg body 
weight in gelatin capsules is about 5 wg per ml and a concentration over 3-5 ug per ml is 
maintained from 60 to 240 min. It is considered that oral administration has little 
therapeutic effect since the rate of absorption is very slow. 

After oral administration of 45 mg per kg body weight, 23 per cent of the dose is 
excreted in the urine within 4 hr. 


Tue increased use of anticholinesterases of the organophosphorous type as insecticides, 
during the last 10 years has caused a great number of cases of fatal poisoning.’~* 

Formerly, atropine was considered to be the most effective drug for counteracting 
the toxicity of organophosphorous cholinesterase inhibitors, such as parathion, 
diisopropoxyphosphoryl fluoride (DFP), tetraethyl pyrophosphate (TEPP), etc. 
Recently it has been demonstrated that certain oximes, when used in combination 
with atropine, provide more effective therapy than atropine alone for animals exposed 
to these toxic agents.*: ° These new drugs reactivate the phosphorylated cholinesterase, 
and thus provide a causal therapy.*: 7 One of the most potent oximes in this respect, 
N-methylpyridinium-2-aldoxime iodide (PAM), has been used in man both in experi- 
mental and in accidental organophosphate poisoning.”: * It is claimed to be safely 
tolerated in man in intravenous doses of 15-30 mg per kg body weight.® 

Because of its low solubility in water (5 per cent w/v) PAM has only been 
administered intravenously. N-methylpyridinium-2-aldoxime methane sulphonate 
(P2S), which is much more soluble (60 per cent w/v), has been given to man orally 
and by intramuscular injection.!” 

The aim of the present investigation has been to determine the rate of absorption 
in man of N-methylpyridinium-2-aldoxime methane sulphonate (P2S) after intra- 
muscular injection, and after oral administration. The concentration of P2S in plasma 
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was therefore determined at certain interval after administration. No analyses were 
done on whole blood, since P2S has been shown not to enter the erythrocytes of man 
or dog." 


EXPERIMENTAL 
The experiments were carried out on healthy volunteers and on patients in the 
Ear-nose-throat department of Karolinska sjukhuset.* The patients were treated for 


minor disorders without any evidence of circulatory, gastrointestinal, renal or hepatic 
disturbances. 


TABLE |. SENSITIVITY AND STANDARD ERROR OF P2S ANALYSES BY HYDROXYLAMINI 
DETERMINATION 
(Method of Askew ef a/."*) 


Optical density at 555 my 
Concentration in plasma Mean and standard error of the mean 
per mi) (n Y) 


5-0 0-011 - 0-001 
15-0 0-040 - 0-002 
50-0 0-139 0-004 


TABLE 2. SENSITIVITY AND STANDARD ERROR OF P2S ANALYSES BY LIGHT ABSORPTION 


AT 333 my 
(Method of Creasy and Green") 


> 


Optical density at 333 my 
Concentration Mean and standard error of the mean 


per mi) (n 7) 


0-088 — 0-002 
0-175 —0-004 


18-6* 0-344 - 0-004 
24-34 0-465 0-001 
17.9% 0-521 -0-004 


50-¢ ’ 0-964 - 0-005 


* In plasma 


water 


P2S (synthesized according to the method described by Creasy and Green™ was 
Seitz-filtered, freeze-dryed and stored in sterile flasks.+ Before use, the content (2-5 g) 


was dissolved in sterile pyrogen-free water. This solution had a pH of from 3 to 4. 


For oral administration, gelatin capsules were filled with | g of crystalline P2S. 


Blood samples were taken at intervals via a needle in an antecubital vein and 


collected in heparinized test tubes. A sample was always taken before administration 
of P2S and enough blood was taken to enable making double tests. 


The plasma was stored at — 20 °C till the following day, when it was analysed. 


Two methods have been described which are suitable for the determination of 
P2S in blood and tissues. One is based on the acid hydrolysis of the oxime to hydro- 
xylamine, which is then determined by a colorimetric method," the other is based on 


* The patients were medically supervised by H. Diamant, M.D., to whom my thanks are due. 
* Dr. R. Barkman, Military Pharmacy, Stockholm 60, has kindly provided the sterile P2S and 
the P2S capsules 
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the ultra-violet absorption spectrum of P2S."*. '* The sensitivity and precision of these 
two methods were determined and the results are summarized in Tables | and 2. As 
the ultra-violet absorption method was the more sensitive one, it was chosen for this 
investigation. 

Two minor modifications were introduced in the original method. The proportions 
of zinc sulphate to barium hydroxide had to be changed in order to obtain clear 
solutions, and it was found more convenient to use heparinized plasma instead of 
whole blood. 


Procedure 

Two millitres of heparinized plasma were diluted with 3-3 ml water, and 1 ml 
0-2 M Ba(OH),, 1-5 ml 0-22 M ZnSO, and 0-2 ml of 20°, NaCl were added consecu- 
tively. After the addition of each reagent the solution was thoroughly shaken. The 
mixture was then centrifuged for 20 min at 3000 rev/min. To 3 ml of supernatant, 
0-2 ml 5 N NaOH was added, and the light-absorption at 333 my was determined in a 
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30 
Minutes 
FiG. 1. Plasma concentrations of P2S in man after intravenous and intramuscular injections of 
20 mg per kg body weight. 
Intravenous injection of a 12-5 per cent solution. 
Intravenous injection of a 25 per cent solution. 
Intramuscular injection of a 12-5 per cent solution. 
@ Intramuscular injection of a 25 per cent solution. 


Beckman DU spectrophotometer in a l-cm cuvette. The concentration of P2S was 
read from a calibration curve. The specificity of the method has been studied by 
Ellin’? and Ellin and Kondritzer,“* who found that acid or alkaline hydrolysis of 
PAM did not produce substances that interfered. 


RESULTS 
Plasma concentrations of P2S after intravenous injection 
In preliminary experiments two subjects were injected with P2S (20 mg per kg body 
weight) by the intravenous route in order to get an idea of the plasma concentrations 
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after equilibration. The concentrations of P2S in plasma are seen in Fig. 1. The injec- 
tions caused some mild side reactions such as “dizziness”, blurred vision and diplopia, 
but these symptoms vanished within a few minutes. 


Plasma concentrations of P2S after intramuscular injection 

Two subjects first received 20 mg per kg body weight intramuscularly, in the right 
gluteal region. The plasma concentrations, as shown in Fig. 1, were found to be almost 
identical in the two subjects, reaching a peak level of about 8 »g per ml after about 
20 min. In one of the subjects a 12-5°, solution was used, which caused no 
pain. The other subject received the same dose in a 25°, solution, but this caused 
some pain at the site of injection. 

Ten subjects then received 30 mg P2S per kg body weight, in a 25", solution. Some 
complained of pain at the site of injection and later of sciatic neuralgia in the leg of 


yg P2S PER ML PLASMA 


1 4 
90 120 150 180 
MINUTES 


Fic. 2. Plasma concentrations of P2S in man after intramuscular injection of 30 mg per kg body 
weight. 


the injected side, but these symptoms disappeared within a few hours. The plasma 
concentrations are seen in Fig. 2. A maximum concentration averaging about 15 pug 
per ml was reached after 20 min and was followed by a progressive fall. The rate of 
absorption and the maximal plasma levels varied considerably from one subject to 
another. A plot of the individual results indicated two different patterns of absorption 
(Fig. 2): one which is fairly rapid with plasma concentrations of about 20 ng per ml 
after 5 min, and another which is rather slow with plasma concentrations of 10 ug per 
ml after 20 min. 
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Plasma levels of P2S after oral administration 

In these experiments, no food was taken from 5 hr before the start until the end of 
the experiment. Before the administration of the capsules, 400 ml of water was given 
orally to facilitate the collection of voided urine samples for the 4 hr period of the 
experiment. 

Three gelatin capsules, each containing | g of P2S, were given to each of six subjects, 
weighing 65-70 kg. The plasma concentrations are shown in Fig. 3. A very slow rise 
in plasma concentration was observed with a badly defined maximum of from 4 to 
5 wg per ml after 2 to 3 hr, followed by a slow decrease. 

The amounts of P2S excreted in the urine during the 4 hr after administration 
averaged 23 per cent of the dose (standard error of the mean + 3 per cent). 
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Fic. 3. Plasma concentrations of P2S in man after oral administration of 45 mg per kg body weight 
in gelatin capsules. 


DISCUSSION 

The present investigation was carried out in order to find how N-methyl- 
pyridinium-2-aldoxime methane sulphonate should be administered in case of 
organophosphate poisoning. 

In mice, rats, guinea-pigs and rabbits the LD;, of isopropoxymethylphosphoryl 
fluoride (sarin) is raised by multiples of 4-0, 1-6, 38 and 40, respectively, if 30 mg P2S 
per kg body weight are given intramuscularly in combination with atropine | min 
after poisoning.'® It was also stated that little is won in therapeutic effect if the dose 
of P2S was larger. 

The results presented in the present paper show that 30 mg P2S per kg body weight 
can be given intramuscularly to man without serious discomfort or pain. The rate of 
absorption, however, varies greatly from subject to subject and this is possibly due to 
different depths of injection. 

Experiments on the anaesthetized cat indicate that plasma levels above 4 ug per ml 
are needed to counteract the bradycardia and respiratory failure produced by lethal 
doses of isopropoxymethylphosphorylthiocholine.’’ If this figure is valid also in man, 
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one can assume that therapeutic plasma levels are reached after 5-10 min in most of 
the cases provided circulatory failure has not yet developed. 

The results obtained after oral administration show that a fairly large dose has to be 
given to obtain effective plasma levels, and these are reached only after a considerable 
delay. It is then quite evident that oral administration alone is of little therapeutic 
value as the rate of absorption is too slow. In milder cases or for prophylactic 


purposes, however, it might be used. 


icknowledgement—My thanks are due to the director of this institute, Professor G. Ljunggren, for 
the kind interest he has shown in this work. 
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(Received in revised form 8 July 1960) 


Abstract—In this preliminary survey, twenty-six compounds, related in one way or 
another to dicetyl(di-n-hexadecyl)phosphate, were compared with this substance as to 
tissue fibrosing activity by subcutaneous injections in the rat. Only dialkylphosphates 
(and the single alkylborate used) with a chain length of sixteen or eighteen 
carbon atoms were active. The only substance with unsaturated alkyl chains, 
dioleyl(C,,)phosphate, was inactive. Dicholesteryl-phosphate and phosphite were not 
active. None of the phosphites (di- or tri-) was active. Dicetylborate produced less 
fibrosis than the phosphate and this was accompanied by marked eosinophilia and 
subsequent encapsulated necrosis. Dioctadecyl phosphate was indistinguishable in 


these experiments from dicetyl phosphate. 


Use of sclerosing compounds has long been an accepted method of producing 
fibroblastic activity in both experimental and clinical medicine. This has been extended 
from early attempts merely to obliterate varicose veins to a much more diversified 
use today. 

Besides their injection into varicose veins,’~* and most certainly less well known, 
has been the use of materials which initiate fibroblastic activity, in order to obliterate 
fistulae,’ hemorrhoids,'® umbilical herniae,™ 


ganglia of the wrists,’ angiomata,* 
inguinal herniae,"? idiopathic hydrocele,"* verrucae plantaris,‘ blood vessels and 
aneurysms.!®*° These substances have also been used in situations in which physiology 
or anatomy is intentionally altered. Among these are the treatment of urinary incontin- 


ence,”! experimental nerve sclerosing,” obliteration of the adrenal medulla,” and the 


strengthening or replacement of ligaments and tendons.**; * 

Compounds or materials used in these procedures have been as widely diversified 
as the procedures themselves and have included cellophane or polyethylene,’°~"?» *~*! 
sodium morrhuate,”° aspirin,* sodium tetradecyl sulfate,’: ** and sodium dicetyl 

Interest was stimulated in pure compounds as sclerosing agents when Page*® 
produced hypertension in dogs by wrapping their kidneys with cellophane. Poppe 

* This study, the first of a series, was aided initially, in part, by a grant from Initiative 171 funds, 
State of Washington, to one of us (K.A.M.), and currently by a grant from the National Institutes 


of Health, USPHS, H-2747, to T.L.F. 
+ To whom correspondence regarding this paper should be sent. 
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and De Oliveira’’ then studied various types of cellophane, some producing marked 
fibroblastic activity and some being relatively inert. Several reports followed, giving 
uses of cellophane or polyethylene in an inert capacity,*: **-** while others appeared 
describing the fibroblastic activity of these polymers." *’ In an excellent historical 
review Yeager and Cowley® showed that while polyethylene itself was inert, dicetyl 
phosphate, sometimes used in the processing of these plastic sheets, was a potent 
fibroblastic stimulant. Cooper et a/.** also arrived at the same conclusion. Since then 
some attention has been directed toward dicetyl phosphate itself as a fibrosing agent, 
especially for the treatment of aneurysm.'**: ” 

The present study was initiated in order to examine the fibrosing properties of 
substances related structurally, in one way or another, to dicetyl phosphate. Other 


than Reiner’s observations*® regarding some soaps, synthetic detergents, sodium 
ricinoleate and sodium morrhuate, there seems to be no systematic examination in the 
literature for structure—activity relationships of any series of fibrosing compounds. 
We felt it, therefore, of intrinsic interest to find the structural limitations for fibrosing 
activity in this series. We hoped, also, to gain increased knowledge of the mechanism 
by which these substances promote formation of fibrous tissue. In addition, there 
was the possibility of finding a substance more readily applicable and more rapid in 
its action than dicetyl phosphate. 


METHODS 
In this initial survey twenty-six compounds (Table 1) related to dicetyl phosphate 
were tested in comparison with the latter substance. A number of these were 
synthesized in this laboratory and some are new to the literature. The preparation and 
chemical properties of the latter will be described in a paper now in preparation in 
which we will further extend data on the structural requirements for fibrosing activity 
in this series 


All compounds were given to Wistar rats by subcutaneous injection, using groups 
of ten animals (male and female) for each substance. The compounds were either 
dissolved or suspended (5 per cent) in isotonic saline or (10 per cent) in corn oil.* 


TABLE |. SUBSTANCES INVESTIGATED FOR POSSIBLE TISSUE-FIBROSING ACTION, 
AS COMPARED WITH DICETYL PHOSPHATI 


Compound Formula Footnote 


(1) Didecylphosphate (¢ P 


(2) Diundecy!lphosphate (Cy, Hy 


* Suspensions of the long-chain phosphates were made by heating them in corn oil on the water 
bath, at not over 80 C, for a short time until they were in solution. They were then allowed to cool 
and injected at not over 40° as a gel-like mixture 
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TABLE |—continued. 


Components Formula Footnote 


(3) Dimyristyl phosphate (Cy P 


(4) Dioctadecyl phosphate (C,,H,,O), P 


OH 


(5) Dioleyl phosphate (crude) (CH,(CH,),CH = CH(CH,),CH,O),P 


OH 
O 


(6) Dipheny! phosphate (C,H,;O), P 


OH 
(7) Diphenoxyethy! phosphate P 


O 


(8) Di (or pyro-) cholestery! (Cy-H,;O), P 
phosphate 


(9) Tributyl phosphate (C,H,O), P 


(10) Tri-2-ethylhexyl phosphate (CH,CH,CH,CH,CHCH,O), P 


(11) Triphenyl phosphate (C.H,O), P 
O 


(12) “Victawcet-14” ROP—(OX), (X—solubilizing group 
M.W. ~ 500) 


O 
(13) Diisooctylpheny! phosphonate (C,H,,O), P—(C;H;) 
(14) Diisooctylstyry!] phosphonate (C,H,;O), P 
(CH =CHC,H,) 
O 
(15) Di-2-ethylhexy! phosphite (CH,;CH,CH,CHC,HCH,), P 
C,H, 
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TABLE |—continued. 


(16) Dicetyl phosp 


Dicholestery 


Tri (? with di) decyl phosphite 


ury! phosphite 


Tri (? with di) myristy! phosphite 


Iri(? with d 


phosphite 


Tri-2-ethylhexylphosphite 


Triisooctylp! 
Triphenylphosy 
di) cetylborate 


Tri (? with 


(unstable) 


26) Dicetylether 


New compound 

* Made in this laboratory 
These compounds were obtained through the generosity of 
(a) The oleyl alcohol was donated by M. Michel & Co., Inc., N.Y., N.Y 
(b) Commercia! Solvents Corporation, N.Y., N.Y 


Formula 


P 
H 
H,CH,CH,CH,CHCH,O),P 


C,H, 


(C.H,-O),P 
(C,H.O).P 


(C,H 


(c) Carbide and Carbon Chemical Corporation, N.Y., N.Y 
(d) Victor Chemical Works, Chicago 6, I11 
(ec) Virginia-Carolina Chemicals Corporation, Richmond, Va 
(f) Humphrey-Wilkinson, Inc., North Haven, Conn 

$ Awaits characterization: from the reaction of cholesterol and PCI, with pyridine in benzene. 


Footnote 


** Awaits characterization: from the reaction of cholesterol and PCI, with pyridine in benzene. 


++ Mixture of octyl! isomers. 


‘4 - 
O 
bas 
(17) | phosphiic (C,H,.O), P 
H 
O 
(18) (C,,H,,O), P ° 
H 
: 
(19) Tri (? with di) P 
H 
oO 
H 
O 
(21) |) octadecy! (€ 
= (€ (e) 
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Fic. | (a). Control: corn oil injection site at 6 weeks showing persisting sites of corn oil vesicles 


This grossly gives the appearance of small vesicular areas bounded by thin avascular walls 24 
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n corn oil: injection site at 6 weeks, showing extensive fibrosis about 


sis. Giant cells are appearing in great numbers throughout the densely 


fibrotic areas 24. 
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Each compound was injected (0-1 ml) subcutaneously only once in two places (saline 
and corn oil) on the right abdomen.* Dicetyl phosphate was similarly injected (left 
abdomen) in all animals for comparison. 

Following this, animals were w eighed weekly for six weeks to determine toxicity. 
Microscopic examination was made+ of all fibroblastic nodules for each active 
substance. One-half the surviving animals were sacrificed at 6-8 weeks and the 
remainder at 6 months following injection. 


RESULTS AND DISCUSSION 
Compounds showing no fibrosing activity in 6-8 weeks showed no change at 6 
months. Active compounds had stimulated the maximum response in 6-8 weeks (or 


less) and there appeared to be no change at 6 months. We cannot say on the basis of 


present results that either corn oil or saline injections resulted in greater response to 


active compounds. The corn oil nodules in general appeared larger; the center of 


these was usually hollow and contained what seemed to be some of the original corn 
oil. 

Other than dicetylphosphate, only two compounds, dioctadecylphosphate and 
di (tri?) cetylborate showed appreciable fibrosing activity. The former was approxi- 
mately equal in activity to dicetylphosphate: the latter was different qualitatively, 
being accompanied by marked eosinophilia during the first week (see Table 2) and the 
presence of numerous mast cells.+ Central necrosis occurred during the second week 
and became marked, but was contained by the fibrous capsule. None of the nodules 
at the sites of dicetyl or dioctadecy| phosphate injection showed appreciable necrosis. 
See Fig. | for representative illustrations. 

Compound nos. 11 and 22 (Table 1) seemed to have marked toxicity. All the animals 
showed signs of debility a day or so after injection and died in a few weeks. 

The control groups injected with saline alone had no fibrous nodules. Sites at which 
corn oil alone was injected developed small encapsulated vesicles with thin avascular 
walls. None of the latter was thickened or fibrotic. 

Table 2 shows the results of an experiment comparing the three active compounds 
and giving a more detailed picture of the rate of fibrosis. In this experiment three 
groups of thirty rats each were injected as described above and five of each group 
were sacrificed at the end of each week. 

Before attempting any serious explanation of these findings we are extending our 
study to include the following compounds: monoalkylphosphates, dialkylphosphates 
with chain length of more than eighteen carbons. tricetylphosphate, dialkylphosphates 
with an odd number of carbon atoms (especially diheptadecylphosphate and 
dipentadecylphosphate) and with branching? on the chain, and monocetylphosphite. 

Preliminary findings in this projected work. together with the foregoing, indicate 
that for activity with this type of substance there must be at least one free —OH group, 
suggesting that enzymes which split esters of phosphoric acid may be involved. The 
chain must be more than fourteen carbons in length. 

* The area to be injected was sponged with alcohol and sterile needles and syringes were used. 


otherwise no special aseptic precautions were taken and no deaths or recognizable differences were 
apparent which could be attributed to this aspect of the technique. 


+ We are indebted to Dr. R. Reiff. formerly of the Department of Pathology, for examining the 
specimens and slides 


+ An example of the latter, isolated from wool wax (Australian sheep) is now in our hands. 
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The only unsaturated alcohol represented thus far (oleyl, C,,) may react in a 
different manner because of the double bond. The fact that the latter was a crude 
sample (see Table 1) with at least one other component (mono-oleylphosphate) 
makes it advisable that these results be confirmed before any conclusions are reached 


about this type. 
The apparent abrupt cut-off (C,, active; C,,, inactive; C,,*, ?) is not understood. 
If gradual diminution in activity with shortening chain length were observed, we 


2. COMPOUNDS SHOWING TISSUE-FIBROSING ACTIVITY COMPARABLE TO THAT OF 
DICETYLPHOSPHATE (6-WEEK PERIOD) 


TABLI 


Week Dicetylphosphate Dioctadecylphosphate Tri ( 2di) cetylborate 


l Marked fibrosis: little tono Marked fibrosis; litthe to no Moderate fibrosis. Extreme 
eosinophilia eosinophilia eosinophilia numerous 
tissue mast cells 


2 Fibrosis increasing and Fibrosis increasing and Central necrosis, with little 
penetrating to center of penetrating to center of fibrosis; eosinophilia de- 
nodule creasing 


nodule 


3 Thickly fibrosed, with giant Quite comparable to re- Little fibrosis; necrosis, still 
cells appearing in greater action with dicetyl phos- some eosinophils but 
numbers phate appearing to be a chronic 5 


inflammatory response 


4 Extensive fibrosis, even into Extensive fibrosis, but per- Thinly encapsulated, ne- 
center of large nodules; haps a little less centrally crotic mass; eosinophilic 
slight central necrosis than with dicetyl phos- response disappearing 


phate 


5 Extensive fibrosis continu- Extensive fibrosis (as with Thinly encapsulated _ne- 
ing, although near a maxi-_ dicetyl phosphate) crotic mass; detritus in 
mum center of nodules 


Extensive fibrosis through- Extensive fibrosis through- No additional fibrosis; ne- 
out nodules out nodules crosis continuing, with thin 

capsule of inflammatory 
reaction surrounding cen- 
tral detritus 


could perhaps assume that greater solubility in the body fluids leads to more rapid 
assimilation of the smaller molecules, thus removing them from the injection site 
before action leading to fibrosis takes place. The interesting observation of Theorell, 
recently discussed, regarding a similar sharp break at C,, (fatty acid) in the formation 
of ternary complexes in the liver-ADH system is provocative, although any relation 


between these phenomena is not apparent. 


*We have recently obtained some n-pentadecanol through the kindness of the Cancer 
Chemotherapy Service Center of the U.S. Public Health Service. 


REFERENCES 
E. J. Orpacn, J. Amer. Med. Ass. 166, 1964 (1958). 

_ E. J. Orpacu and A. K. Perretrri, Angiology 1, 237 (1950). 
._ E. J. Orpacn, Angiology 1, 302 (1950) 

. W. M. Cooper. Sure. Gynec. Obstet. 83. 647 (1946). 


‘ 
196C¢ 
6 


Fic. | (c). Dioctadecyl phosphate in normal saline: injection site at 6 weeks, showing extensive 


fibrosis throughout nodule with only a few limited necrotic areas. Some giant cells are present 24 


facing page 236 


4 
F 
~~ 
ae 


ill outer margin of 


\ 


wl 


4 


saline 
t cells present 


nn 


: 
4 
oy 
d 
“< AO 
Fic. 1 (d). Dicety! borate at 6 weeks, showing 
hOrosis with a thir of uit central detritus. Many cod ind 


Fibrosing properties in rat of compounds related to dicetyl (DI-n-hexadecyl) phosphate—I 237 


. J. A. DinGwa.t, D. T. W. Lim and J. A. Lyon, Surgery 23, 599 (1948). 
. H. O. McPueeters and J. K. ANDERSON, Injection Treatment of Varicose Veins and Hemorrhoids. 
F. A. Davis, Philadelphia (1946). 
7. V. SaLemi and C. SEBASTIAN, Gior. Med. Mil. 106, 716 (1956). 
J. R. Lewis, Jr., Plastic Reconstr. Surg. 19, 201 (1957). 
. J. Erpston, Z. Urol. 52, 40 (1959). 
. G. L. Wricut, Rocky Min. Med. J. 56, 69 (1959) 
L. MANNESFELDT and W. Tiscuer, Kinderdrztl. Praxis 27, 136 (1959) 
F. H. Baenwr, J. Internat. Coll. Surgeons 29, Pt. 1 (1958). 
. J. NAYMAN, S. Afr. Med. J. 33, 409 (1959) 
. L. L. Cramer, J. Amer. Podiat. Ass. 48, 526 (1958) 
. H. E. Pearse, Ann. Surg. 112, 923 (1940) 
P. W. HARRISON and J. CHANDRYy, Ann. Surg. 118. 478 (1943) 
J. K. Poppe and R. De Oxiveira, J. Thoracic Surg. 15, 186 (1946) 
J. K. Berman, F. J. Boyp, Jr. and W. K. Saint, J. Indiana Med. As 
(a) J. K. BeRMAN and J. E. Hutt, Surg. Gynec. Obstet. 94, 543 (1952) 
(b) R. K. Zecu et al., Angiology 5, 439 (1954) 
. L. Retner, Proc. Soc. Exp. Biol., N.Y. 62, 49 (1946) 
H. KLOSTERHALFEN, Z. Urol. 51, 412 (1958) 
A. J. Kostin, Oral Surg. 11, 1404 (1958) 
1. J. Grexova, Vestnik. Khir. 81, 114 (1958) 
G. J. Bronston, J. Amer. Podiat. Ass. 48, 511 (1958) 
T. WHEELDON, J. Bone & Joint Surg. 21, 393 (1939) 
1. H. Pace, J. Amer. Med. Ass. 113, 2046 (1939) 
F. R. HARPER and M. E. Ropinson, Amer. J. Surg. 64, 294 (1944) 
F. W. Cooper, R. L. Ropertson, P. C. SHea, Jr. and E. W. Dennis, Surgery 25, 184 (1949) 
QO. A. AspotTt, J. Thoracic Surg. 18, 
I. C. MIDDLEMAN and N. W. Drey. Surgery 29. 890 (1951) 
J. K. Poppe, Diseases of the Chest 15, 726 (1949) 
F. D. INGRAHAM, E. ALEXANDER, Jr. and D. D. Matson, J. Ame 
. D. Donati, Bull. sc. med., Bologna 109, 425 (1937) 
D. C. McKeever, J. Bone & Joint Sure. 25. $76 (1943) 
G. H. YeaGer and R. A. CowLey. Am urg. 128, 509 (1948) 
CiBA FOUNDATION, Tenth Anniversary Symposium; Significant Trends in Medical Research pp. 37 
39. Little, Brown, Boston (1959) 


f 
4 
14 
a 
l 
a 
| 
| 
2 
2 
a 7 2s 
> 
a 4 » 
3 
| 
3 
35 
age 
E 


Biochemical Pharmac 160, Vol »p. 238-244. Pergamon Press Ltd., Printed in Great Britain. 


INHIBITION OF THE BIOSYNTHESIS OF PURINES 
DE NOVO BY 6-CHLOROPURINE AND AZASERINE 
IN SENSITIVE AND NATURALLY RESISTANT 
ASCITES CELLS* 


Sarrore J. R. Akers and BARBARA A. BOooTH 


Division of The Samuel Roberts Noble Foundation, Inc., 


Ardmore, Oklahoma 


ed form 23 July 1960) 


Abstract I - t ind azaserine on the biosynthesis of guanine 
determine whether sensitiv 


¢ Diockage of th 


of these tum 
synthesis, while 
ne incorporati« 
ne ypl isms Sensitive 
ne The 6C3HED and the 


vith the drug combination 


to 


marked inhibition of purine 
incorporation of glycine into 
er cent reduction 

n this tumor. In the Mecca 
rmation de novo to the 

134, both 

ine formation compar- 

this nex piasm is not 


tations of these tu 


INTRODUCTION 


6-CHLOROPURINE has been found to potentiate the tumor inhibition produced by the 
glutamine analog serine (O-diazoacetyl-L-serine) or DON (6-diazo-5-oxo-L- 
norleucine), in a number of experimental tumor lines.’ * Studies on the mode of action 
of azaserine in mammalian systems have indicated that this agent produced intensive 
inhibition of the biosynthesis of purines de novo.*~*® Since earlier work": * showed 
that 6-chloropurine retarded the incorporation of radioactive glycine into poly- 
nucleotide guanine without altering the rate of incorporation of glycine into adenine 
nucleotides, the possibility therefore existed that the tumor-inhibitory properties of 


combinations of chloropurine and azaserine were due to the formation of two mutually 


dependent blocks which limited the synthesis of guanine nucleotides. Simultaneous 


* The following abbreviations are used: IMP for inosine 5’-phosphate, NA for nucleic acid, and 
AS for acid-soluble 
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administration of these two drugs was essential for carcinostasis.2 This finding was 
consistent with the theory that these agents established complementary metabolic 


blocks on pathways leading to purine nucleotide biosynthesis. To determine whether 
these biochemical events were related to the tumor-inhibitory properties of the drug 
combination, the effects of azaserine and chloropurine on the formation of purines 


de novo were compared in susceptible and naturally resistant ascites tumors. 


MATERIALS AND METHODS 


Five mouse ascites-cell tumors were employed in these experiments: sarcoma 180 
and Ehrlich carcinoma in female Ha/ICR Swiss mice (A. R. Schmidt Co.. Inc.. 
Madison, Wis.), 6C3HED lymphosarcoma and hepatoma 134 in female C3H mice 
(Texas Inbred Mice Co., Houston, Tex.), and Mecca lymphosarcoma in female 
AKR mice (Texas Inbred Mice Co.). Animals were inoculated intraperitoneally six 


TABLE |. THE BIOSYNTHESIS OF PURINES de nove IN SARCOMA 180 ASCITES CELLS TREATED 
AZ ASERINI 


WITH 


moie 


Counts/min per ; 


NA guanine NA adenine AS adenine 


0-4* 3-3 0-5 58-3 +50 


40 
0-1 0-05 0-07 —0-1 0-1 0-03 


0-1 0-04 0-08 —0-03 0-5 
0-201 0-1 0-01 10+1-4 
12 04-01 0-3 0-1 7-3+-1-2 
24 0-70-04 0-4 0-05 


ition of the mean 


Tumor-bearing mice were each injected intraperitoneally with 0-2 mg 
izaserine per kg. At the designated time, 100 ug glycine-2-'C (104 counts 
min per ~g) per mouse were injected and were allowed to be incorporated 
for | hr. The zero time point represents the results obtained with control 


mice that received an injection of isotonic saline 1 hr before radioactive 


giycine 


days before use with 0-1 ml of ascites cell suspension prepared by centrifuging the 
cells for 2 min in a clinical centrifuge (1600 g) and suspending the packed cells in 


10 vols. of isotonic saline. 

Drugs were dissolved in isotonic saline and injected intraperitoneally: azaserine 
at a dose of 0-2 mg/kg and chloropurine (Nutritional Biochemicals Corp., Cleveland, 
Ohio) at a level of 40 mg/kg. Control animals received a comparable volume of iso- 
tonic saline in place of the drug. At various times after this dose, each mouse received 


an intraperitoneal injection of 100 wg of glycine-2-“C (Tracerlab, Inc., Waltham. 


Mass.) (10* counts/min per jg). One hour later, the cells were harvested, and the 
nucleic acid purines and acid-soluble adenine were isolated and analyzed as described 
by LePage.” Radioactivity was measured with a Nuclear-Chicago Model D47 
windowless gas-flow counter. Each experimental point represents the average of values 
obtained from the separate analyses of ascites cells from eight to twelve mice. 
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RESULTS 


The effect of azaserine on the biosynthesis of purines de novo in sarcoma 180, a 
neoplasm in which chloropurine enhances the carcinostatic effect of azaserine, is 
shown in Table |. Glycine-2-"C incorporation into polynucleotide purines was used 
as the measure of purine synthesis. Injection of radioactive glycine | hr after the 
administration of azaserine resulted in essentially complete inhibition of glycine 
incorporation into nucleic acid purines and acid-soluble adenine. More than 80 per 
cent inhibition of this pathway remained 24 hr after the azaserine dose. In this neo- 
plasm, chloropurine administration | hr prior to glycine-2-"C resulted in 75 per cent 
inhibition of isotope incorporation into nucleic acid guanine, with inhibition persisting 
up to 6 hr after the chloropurine dose.” 

he effects of these two agents on purine formation were studied using the Ehrlich 
carcinoma, a tumor which resembled sarcoma 180 in its sensitivity to combinations 


of these drugs. The results obtained are presented in Table 2. The findings parallelled 


TABLE 2. THE BIOSYNTHESIS OF PURINES de novo IN EHRLICH CARCINOMA ASCITES CELLS 
rREATED WITH AZASERINE OR CHLOROPURINI 


Counts min per umole 10 
NA adenine AS adenine 


2° 1 105-6 — 10-9 
0-0! 02? 0-07 
0)? 
0-2 21-0 


26-6 


0-§ 113-8 
0-8 125-5 
102 


0-5 126-4 


* Standard devia 
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youse were In nd were owed to be incorporated for | hr. The zero tin 


the results obtained th control mice that received an injection of isotonic saline | 


active giycine 


those obtained with sarcoma 180; azaserine produced marked, prolonged inhibition 
of purine synthesis, and chloropurine produced a maximum retardation of glycine 
incorporation into nucleic acid guanine of 63 per cent. No inhibition of the formation 
of polynucleotide adenine occurred in chloropurine-treated cells. 

lable 3 presents the results of the experiments using 6C3HED ascites cells. Chloro- 
purine was unable to enhance the tumor-inhibitory properties of azaserine in this 


lymphosarcoma. Azaserine treatment produced essentially complete inhibition of 


glycine incorporation into cellular purines, with marked inhibition still present up to 


12 hr after the drug dose. In contrast to results obtained with the other neoplasms, 
chloropurine did not prevent the synthesis of polynucleotide guanine de novo, but did 
produce approximately 40 per cent retardation of glycine utilization for nucleic acid 
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adenine when the purine analog was administered between | and 12 hr before glycine- 

Table 4 shows the data obtained using another tumor insensitive to the drug 
combination, the Mecca lymphosarcoma. Administration of glycine-2-"C 1 hr after 
a dose of azaserine or chloropurine resulted in considerably less inhibition of isotope 
incorporation than was found with the sensitive neoplasms. 


TABLE 3. THE BIOSYNTHESIS OF PURINES de novo IN 6C3HED LYMPHOSARCOMA ASCITES 
CELLS TREATED WITH AZASERINE OR CHLOROPURINI 


Hours 
Counts/min per umole 10 


guanine NA adenine AS adenine 


()-7* ‘ 949-9 
0-1 9g 
0-2 5-4 
0) 


l 


jation of the mean 

I ce were each injected intraperitoneally with either 0-2 mg azaserine per kg or 
40 mg chloropurir r kg. At the designated time, 100 ug glycine-2-“C (10* counts/min per yg) 
per mouse were injected and were allowed to be incorporated for 1 hr. The zero time point represents 
the results obtained with control mice that received an injection of isotonic saline 1 hr before radio- 


active giycine, 


TABLE 4. THE BIOSYNTHESIS OF PURINES de novo IN MECCA LYMPHOSARCOMA ASCITES 
CELLS TREATED WITH AZASERINE OR CHLOROPURINI 


Counts/min per umole 
Drug 
NA guanine NA adenine AS adenine 


Control 16+0-2 
Azaserine 0-6 --0-09 


Chloropurine 1:6-+0-4 


* Standard deviation of the mean. 
Tumor-bearing mice were each injected intraperitoneally with either 
0:2 mg azaserine per kg or 40 mg chloropurine per kg. One hour later, 
100 wg glycine-2-*C (10* counts/min per »g) per mouse were injected and 
were allowed to be incorporated for 1 hr. Control mice received an injec- 
tion of isotonic saline | hr before radioactive glycine. 


The results of experiments carried out with hepatoma 134 are given in Table 5. 


This neoplasm is susceptible to azaserine treatments; however, addition of chloro- 
purine to this regimen did not elicit a further therapeutic response. Both azaserine 
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Le 5 (min) 9-9 +1-2 19-040 269-8 +20°4 
l 9-0+-1-2 182-7 7-7 
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produced metabolic blocks of a magnitude and a duration 
e found using sarcoma 180 or Ehrlich carcinoma. 


as without effect on the incorporation of glycine-2-"C into residual 


e neoplasms studied 


NTHESIS OF PURINES de novo IN HEPATOMA 134 ASCITES CELLS TREATED 
WITH AZASERINE OR CHLOROPURINI 


Counts, min per «mole 10 
NA guanine NA adenine 


1-0* 
0-06 
0-1 


O-4 


0-1 
(min) 2-01 
70-07 
6 


intraperitoneally with either 0-2 mg azaserine 
gnated time 100 giycine-2-"*C (10* counts’! 


llowed to be incorporated for 1 hr. The zero time point rt 


ice that received an injection of isotonic saline 1 hr before r 


DISCUSSION 


rates of incorporation of various isotopic precursors | 
after chloropurine treatment have indicated that this anal 
c block on the route to nucleic acid guanine formation 


f S-amino-4-imidazolecarboxamide ribonucleotide to 


5'-phosphate (IMP) or the conversion of IMP to guanosine 5-phosphate 


considered to b 
action of azaser 
ribonucleotide to 
Measurement 
purine and azase1 
ences in suscept 
were associated w 


results obtained 


growth are summar 


time of mice bea 


inactive. Combinat 


enhanced antitum 
produced metabo 
lymphosarcoma 
biochemical inhibi 


e probable site of the sensitive enzyme." '* The major site of 
on this pathway is the conversion of a-N-formylglycinamide 
-N-formylglycinamidine ribonucleotide.*: *~!” 

the magnitude and duration of the blocks produced by chloro- 
» were made in a spectrum of ascitic neoplasms exhibiting differ- 
ity to these agents in order to determine whether these blocks 
th the carcinostatic properties of the drug combination. The 
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chloropurine to enhance the action of azaserine correlated with the lack of inhibition 


of glycine-"'C incorporation into nucleic acid guanine by the purine analog. This lack 
of inhibition did not appear to be due to cellular permeability, for chloropurine 
caused a retardation of radioactive glycine utilization for polynucleotide adenine. The 
Mecca lymphosarcoma was relatively resistant to drug therapy. This appeared to be 
due to the inability of both drugs to produce blocks of a magnitude found in the 
sensitive neoplasms. 


Hepatoma 134 proved to be an exception. The growth of these cells was inhibited 


by azaserine; addition of chloropurine did not elicit further therapeutic response. 
However, biochemically each agent accomplished the metabolic blocks measured in a 


magnitude comparable to those found in the sensitive Ehrlich carcinoma and sarcoma 


180. These results suggest that either the chloropurine and azaserine blocks which 


TABLE 6. St MMARY OF EFFECTS OF AZASERINE AND CHLOROPURINE ON SENSITIVE AND 
NATURALLY RESISTANT 


ASCITES TUMORS 


Inhibition of tumor growth* 


Biochemical inhibition+ 


Synthesis of Glycine-2-4C 
Neoplasm Azaserine Chloropurine Azaserine purines de novo into NA guanine 
athe chloropurine (azaserine) (chloropurine) 
Sarcoma 180 


Ehrlich 


6C3HED 


Mecca 


Hepatoma 134 


* Degree of inhibition of ascites tumor growth as measured by prolongation of survival time: 
indicates no effect: indicates significant prolongation of survival: indicates enhanced 
anti-tumor properties. Inhibition of 6C3HED was obtained using a measurement of the total packed 


cell volume 


* Degree of biochemical inhibition indicates no inhibition indicates a minimum of 90 per 
cent inhibition with azaserine and a minimum of 60 per cent inhibition with chloropurine. 


were measured were unrelated to the growth inhibition by the drug combination, or 


that they were only part of the reason for the enhanced antineoplastic properties. 


However, it was also conceivable that the lack of correlation exhibited by hepatoma 


134 was due to differences in the relative importance of alternate metabolic routes. 


This possibility was investigated in the following paper", using a number of preformed 
purines 


icknowledgements—The authors wish to thank Mrs. Eunice Brown for excellent technical assistance. 
Azaserine was generously supplied by Dr. John R. Dice, Research Division. Parke. Davis and 


Company. 
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Abstract—The metabolism of preformed purines was compared in sarcoma 180 and 


hen 124 1} > } ' ris 1 iT 3 
hepatoma 154 ascites tumor cells exposed to either 6-chloropurine or a combination of 


chloropurine and azaserine. Marked alterations in purine utilization occurred in the 


drug-sensitive cells (sarcoma 180) treated with chloropurine. These were an increased 


incorporation of adenine and guanine into polynucleotide guanine, an increased con- 


version Of guanine to acid-soluble adenine, and an increased conversion of hypoxan- 


thine to both polynucleotide and acid-soluble adenine. Preformed purine metabolism of 


henatoma 124 n | min } 
nepatomMa 154, a neoplasm in wi 


ich chloropurine did not enhance the growth-retarding 


properties of azaserine, proved to be relatively refractive to chloropurine. An increased 


conversion of preformed guanine to acid-soluble adenine occurred as a consequence of 


chloropurine treatment. Exposure of sarcoma 180 to a combination of chioropurine 


ind azaserine increased the rate of conversion of preformed purines to adenine nucleo- 


tides over that found with chloropurine alone. Hepatoma 134 also responded to the drug 


combination by an increase in the rate of preformed purine conversion to adenine 


nucleotides. These reactions were interpreted as manifestations of compensatory 


responses to the stress of metabolic blocks on the pathway of purine synthesis de novo. 


INTRODUCTION 


IN THE previous paper! the tumor-inhibitory properties of combinations of 6-chloro- 


purine and azaserine were found to correlate with the blockage of guanine nucleotide 


biosynthesis de novo by each agent in four ascites cell neoplasms. Hepatoma 134 was 


an exception, for both chloropurine and azaserine produced a decreased rate of 


guanine formation comparable to that obtained with sensitive tumors. although this 


neoplasm was not sensitive to the drug combination. Since it was conceivable that the 


growth-retarding properties of this dual block were minimized in hepatoma 134 by 


differences in the relative importance of alternate metabolic routes, the ability of this 


neoplasm to utilize preformed purines was compared with sensitive sarcoma 180 


cells during exposure to chloropurine or a combination of chloropurine and azaserine. 


\ preliminary report of this work has been presented.? 


MATERIALS AND METHODS 


Sarcoma 180 ascites cells were maintained in female Ha/ICR Swiss mice (The 
A. R. Schmidt Co., Madison, Wis.), and hepatoma 134 ascites cells were maintained 


* The following abbreviations are used: NA for nucleic acid and AS for acid-soluble 
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in female C3H e (Texas Inbred Mice Co., Houston, Texas). Each tumor was 


anted 6 day * use into mice of the C3H strain. Cells were withdrawn 


2 min in a clinical centrifuge (1600 g), suspended 
ne and 0-1 ml of the suspension was injected into each mouse 
ed in isotonic saline and injected intraperitoneally: azaserine 
kg and chloropurine ( Nutritional Biochemicals Corp., Cleveland, 
)mg kg. At various times after the mjection of the drug or d 

raperitoneal injection of either 50 of guanine 

ochemical Research, Los Angeles, Calif.) (12 

adenine-8-"C (California Corp. for Biochemical Research) 
of hypoxanthine-8-"C (Nuclear-Chicago 
min per «g). Guanine-8-"C was allowed to 
‘C and hypoxanthine-8-"C were allowed 
¢ incorporation period, the cells were harvested, and nucleic 
ble adenine were isolated and analyzed as described 
rimental point represents the average of values obtained 


scites cells trom four to eignt mice 
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Following chloropurine 
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radioactive guanine to acid-soluble adenine was increased in treated hepatoma 134. 
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The changes in adenine metabolism induced by chloropurine were estimated in 
these two neoplasms by determining the effect of the purine analog on adenine-8-"C 
uptake (Table 2). Both tumors utilized preformed adenine. C} loropurine administra- 


tion caused a stimulation of adenine conversion to guanine nucleotides in s 


tumor-bearing mice. No significant alterations in adenine incorporation into purines 


occurred in drug-treated hepatoma 134 cells. 


TABLE 2. EFFECT OF 6-CHLOROPURINE ON ADI NINE-8-'4C INCORPORATION INTO PURINES 


i 


OF SARCOMA 180 AND HEPATOMA 134 CELLS 


Hours 
after Counts/min per umole 10 


Neoplasm chloropurine 
dose NA guanine NA adenine AS adenine 


Sarcoma 180 


Hepatoma 134 


rd deviation of th 
Tumor-bearing mice were each injected intraperitoneally with 
designated time r adenine-8-'*C (14 10* counts/r 


allowed t incorporated ri hr. Tl ro time points represer 


mice tha ved an injection of tsotonic sali | hr before radioactive ad 


TABLE 3. EFFECT OF 6-CHLOROPURINE ON HYPOXANTHINE-8-"4C INCORPORATION INTO 
PURINES OF SARCOMA ISO AND HEPATOMA 134 CELLS 


Counts/m 


inine 


Hep toma 134 


* Standard deviation of the mean 
lumor-bearing ce were each injected intraperitoneally with 40 mg chloropurine per kg 
designated t SO ne hypoxanthine-8-'*C (9-4 10° counts/min per ug) per mouse were 
and were allowed to be incorporated for | hr. The zero time points represent the results obtained with 


control mice that received an injection of isotonic saline 1 hr before radioactive hypoxanthine 


me 


Table 3 shows the effects of the drug on hypoxanthine-8-"C incorporation into 


purines of the two tumors. Hypoxanthine appeared to be utilized for polynucleotide 


guanine formation at a greater rate in sarcoma 180 cells, while the conversion of this 
metabolite to adenine compounds was similar in the two cell lines. In sarcoma 180, 
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chloropurine treatment produced a stimulation of hypoxanthine conversion to adenine 


compounds while, in contrast, no such effect was obtained with the hepatoma 
In order to estimate the effects of a more intense blockage of the synthesis of 


purines de no the action of simultaneous administration of azaserine and chloro- 


purine on preformed purine metabolism was compared in the two neoplasms. The 


SIMULTANEOUS ADMINISTRATION OF 6-CHLOROPURINI ND AZA- 
-S$-'4C INCORPORATION INTO PURINES OI SARCOMA ISO AND HEPATOMA 


134 CELLS 


U-2 mg 
per 


points represen 


of isotonic saline | hr before radio- 


TABLE 5 EFFECT OF §S { NEOUS ADMINISTRATION OF 6-CHLOROPURINE AND AZA- 


INCORPORATION INTO PURINES OF SARCOMA I80 AND HEPATOMA 
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ose obtained with the purine igonist alone. Treatment of 


hepatoma 134 with the drug combination resulted in an increased utilization of guanine 


for acid-soluble adenine formation. Although this conversion appeared to be less 


than that found with chloropurine treatment at | hr, it was greater at 3 hr 


ra 
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Table 5 shows the effects of the two drugs on adenine-8-"C uptake. In the sarcoma 
stimulation of incorporation into both adenine and guanine occurred following 
exposure to drugs; however, the increased incorporation into polynucleotide guanine 
at | hr was less than that found with chloropurine alone. In hepatoma 134, azaserine 
and chloropurine appeared to stimulate adenine-“C utilization for both nucleic acid 
and acid-soluble adenine. No increase in the conversion to guanine nucleotides was 
noted. 

The data in Table 6 show that the conversion of hypoxanthine-8-"C to adenine 
and guanine in sarcoma 180 treated with the two antimetabolites was similar to that 


TABLE 6. EFFECT OF SIMULTANEOUS ADMINISTRATION OF 6-( HLOROPURINE AND AZA- 
SERINE ON HYPOXANTHINE-8-"*C INCORPORATION INTO PURINES OF SARCOMA 180 AND 
HEPATOMA 134 CELLS 


Hours Counts/min per umole 10-* 
Neoplasm after 
drugs NA guanine NA adenine AS adenine 


* 


Sarcoma 180 17-9 


1A we 


g 
3 13-2+0 


5 Hepatoma 134 0 5-6 220-8 + 18-4 
] 3-3.0-4 99-8 470-8 
4540-2 l 


* Standard deviation of the mean. 
lumor-bearing mice were each injected intr: iperitoneally with 40 mg chloropurine per kg and 0-2 mg 
azaserine per kg. At the designated time, 50 ug hypoxanthine-8-"C (9-4 10° counts/min per pug) 
per mouse were injected and were allowed to be incorporated for 1 hr. The zero time points represent 
the results obtained with control mice that received an injection of isotonic saline | hr before radio- 
active hypoxanthine. 


obtained with chloropurine treatment, except that incorporation into acid-soluble 
adenine was greater than that produced by the purine analog alone. Treatment of 
hepatoma cells with azaserine and chloropurine caused a marked stimulation in the 


conversion of radioactive hypoxanthine to adenine compounds. The effect on the 


conversion to guanine was essentially the same as that produced by chloropurine. 


DISCUSSION 

Differences in the rates of utilization of preformed purines were found in comparisons 
of sarcoma 180 and hepatoma 134 ascites cells exposed to chloropurine or a combina- 
tion of chloropurine and azaserine. Treatment of the drug-sensitive cells (sarcoma 180) 
with chloropurine caused marked alterations in preformed purine metabolism. These 
were suggestive of cellular compensatory reactions in response to the duress produced 
by blockage of a relatively important metabolic reaction(s). The changes included 


an increased incorporation of adenine and guanine into polynucleotide guanine, an 


increased conversion of hypoxanthine to adenine compounds, and an increased con- 


version of preformed guanine to acid-soluble adenine. It is of interest to note that the 
increased rate of guanine-8-“C incorporation into sarcoma 180 polynucleotide 
guanine, which was found following chloropurine treatment in this study, did not 
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occur as soon after exposure to the drug as was previously reported.* This difference 
may be a manifestation of tumor growth in different mouse strains, for earlier experi- 
ments*® were carried out using the mouse strain in which the tumor js normally main- 
tained (Ha/ICR Swiss), while the present experiments were carried out in C3H mice. 

In contrast to the sarcoma, preformed purine metabolism of hepatoma 134 cells 


was relatively unaffected by chloropurine treatment; however, exposure to chloro- 


ourine did increase the conversion of guanine-8-"C to acid-soluble adenine. The 


relative refractiveness of preformed purine metabolism of the hepatoma to chloro- 
purine would appear to correlate with the inability of this agent to potentiate the 
growth-inhibitory properties of azaserine in this neoplasm. 

Since chloropurine caused an inhibition of guanine synthesis de novo without 
concurrent inhibition of adenine formation, a combined treatment of azaserine and 
chloropurine should provide a more complete block of purine biosynthesis de novo. 
This multiple stress would be expected to create a need for adenine, in addition to the 
apparent increased cellular requirement for guanine observed in chloropurine-treated 
cells. Measurement of the utilization of preformed purines after exposure to this drug 
combination suggested that these requirements were indeed created. Sarcoma 180 
and hepatoma 1|34 ascites cells treated with the combination of drugs showed, in 
general, a greater increase in the rate of conversion of isotopic purines to adenine 
nucleotides than that found with chloropurine alone. Differences in the response of the 
two neoplasms to the drug combination appeared to reside in the utilization of pre- 
cursors for nucleic acid guanine biosynthesis. An increase occurred in the incorporation 
of adenine and guanine into polynucleotide guanine of sarcoma 180 cells treated with 
the drugs, while these agents had no significant effect on these reactions in the 
hepatoma 

Interpretation of the data obtained with chloropurine as compensatory reactions 
to the imposed stress correlated with the degree of sensitivity of the two neoplasms 
to therapy with the drug combination. The findings, however, do not appear to explain 
the inability of chloropurine to enhance the growth-retarding properties of azaserine 
against hepatoma 134. Indeed, it is probable that inhibition of additional metabolic 
pathways, hitherto undiscovered, is required for drug enhancement. In the area of 
purine catabolism, purified milk xanthine oxidase and purified uricase have been 
indicated as chloropurine-sensitive enzymes by Duggan and Titus.’ Inhibition of 
these enzymes in vivo might be expected to provide an increased rate of preformed 
purine conversion to polynucleotides by conservation of substrate molecules. Such 
an effect may be in part responsible for the results obtained with chloropurine- 


treated sarcoma cells. 
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Abstract—The effects of single or repeated treatments with nicotinic acid. 3-pyridine- 


acetic acid, inositol hexanicotinate, Na-phenylbutyrate, betaine phenylbutyrate, 


| : 4-dicaffeylquinic acid and sodium dehydrocholate on biliary excretion of cholesterol 


were studied in the rat. After a single intravenous administration. among the drugs 


experimented only 1 : 4-dicaffeylquinic acid at the highests doses examined and 


phenylbutyrates, these at the lowest doses, increased the biliary excretion of cholesterol! 


,UNGS 


After repeated administrations by the intraperitoneal route none of the cony 


examined succeeded in modifying in a statistically significant manner the biliary 


excretion of cholesterol. 


THE cholesterol (CHOL) in the bile is nowadays considered to be a quota of the sterol 
synthetized by the hepatic parenchyma. In fact most authors consider the biliary 


and ematic rates of CHOL to be absolutely independent. It is usually maintained that 


the biliary concentrations of the sterol cannot be modified in any appreciable measure 


by variations of the content of sterol in the diet, by eventual administration of such by 


means of injections, or by chronic hypercholesterolemic conditions 


According to Friedman and Byers! “the biliary cholesterol appears to represent a 


rather fixed function of that cholesterol synthetized or discharged from the hepatic 


cell itself” 


On the other hand, research carried out with radio-active isotopes seems to permit 
the assumption that at least a part of the biliary CHOL is derived from the fraction 
of the free plasmatic CHOL. In 1943 Bloch et a/.2 affirmed that “after injection 


of deuterium CHOL into a dog, the activity of biliary cholesterol was considerably 


less than that of hepatic cholesterol, but similar to that of blood. suggesting the pro- 


bability that bile cholesterol represented a moiety of plasma cholesterol”. 


Very recently Rosenfeld and Hellman* administered CHOL-"C orally to human 
subjects with complete biliary fistula. They found CHOL-"C in the bile after too 
short a time to exclude an effective passage of the sterol directly from the blood, after 
absorption, into the bile. 


According to Friedman and Byers’, since the biliary CHOL represents a quota of 


the hepatic synthesis of the sterol, its dosage in the bile of rats treated for a certain 
period with a specific compound can be utilized to estimate eventual pharmacological 
effects on such synthesis. Without going into the merits of the origins of biliary 
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cholesterol, which are not yet completely elucidated, we have studied, the effects of 


several cholesterol-acting drugs employed in a human clinic as cholesterol-lowering 
substances on the biliary excretion of the sterol in the rat. 


METHODS AND MATERIAI 
For all the experiments, 350 albino rats of the Morini strain, weighing 250—300 g. 
were used. In our experiments we used the technique of temporary biliary fistula, as 
described by Preziosi et a/.4~® 
Che compounds examined, in the doses marked at the side of each and expressed 
in mg/kg are: nicotinic acid (NA: 30—85-5—171): 3-pyridineacetic acid (3-PAA : 
30—85-5—17] nositol hexanicotinate (LHN : 30—85-5—171): Na-phenylbutyrate 


(Na-PHB 25—50—100); betaine phenylbutyrate (betaine—PHB : 25—5S0—100): 
| : 4-dicafleylquinic acid or cynarine, true active principle of the artichoke (CYN 
16-6—83— 1 6 and Na-dehydrocholate (Na-DHC : 13-11—65-57—131-14). Re- 
agent-grade compounds were employed. The lowest dose of each compound used 
by us corresponds, per kilogram, to that advised for human therapy per kilogram. 
daily. The doses of NA, 3-PAA and IHN are expressed as nicotinic acid, those of 
Na-PHB and of betaine-PHB as phenylbutyric acid, those of Na-DHC are equi- 
molecular to those of CYN 

All drugs were dissolved in distilled H,O, with the exception of IHN and CYN, 
dissolved as described by Donatelli et a/.’ and Preziosi et al.* respectively. The strength 
of all solution is Calculated in order to inject the required amount of drugs in a 
total volume of 5 ml/kg 

In a first group of experiments (experiment A) the drugs were administered by 
intravenous injection. The biliary flow was controlled and measured | hr before and 
4 hr after the administration of NA, 3-PAA, LHN, Na-PHB, betaine-PHB, CYN and 
Na-DH¢ the controls, without any treatment, the flow was recorded for 5 hr 
In a second group of experiments (experiment B) the method suggested by Byers and 
Friedman* was adopted. This consists in assaying the amount of CHOL emitted in 
the bile over a period of 24 hr, in rats pre-treated for some days with the drug under 
test, and comparing the results with those of the controls (untreated animals). The 
rats were injected by the intraperitoneal route with NA, 3-PAA, IHN, Na-PHB, 
betaine-PHB, CYN and Na-BHC, for 10 days. On the eleventh day, 14-16 hr after 
the last injection of the different substances, all rats (untreated controls and treated 
animals) underwent a temporary biliary fistula, as described above. The bile issuing 
from the fistula was collected over 24 hr and assayed for CHOL content. During all 
the experiments, the rats were kept at a temperature of 20-22 °C 

On the samples of bile of each group of animals, collected every hour for 5 hr in 
experiment A, and for 24 hr in experiment B, the dosage of the total CHOL was 


carried out by the method of Sperry and Webb® with the modifications described by 


us elsewhere.*: ° For the extraction of the CHOL, 1-5-2 ml of bile were used (due to 
the very small quantity of CHOL present in the bile), which compelled us, in the 
experiment A, to pool the samples of each group relative to the different times of 
collection, the quantity of each single sample being insufficient to establish an exact 
estimation. In order to eliminate biliary chromogens, which we found were capable 
of remaining adsorbed to the cholesterol digitonide precipitate and thus disturbing 


the final colour reaction, we proceeded to a first washing of the precipitate with alcohol 
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acetone, then carried out the subsequent washings, with acetone-ether and ether 
alone respectively, as described in the original method by Sperry and Webb.’ 

In each case the rate of CHOL was established in milligrams per 100 millilitres 
(mg/100 ml) of bile. Taking into consideration the volumes of bile obtained, the 
calculation was carried out of the absolute figures and of the concentrations (mg per 
cent) of CHOL excreted in the basal hour and in the four successive hours (hours of 
observation for the controls, post-treatment hours for the rats injected with the 
drugs), and finally the hourly percentage variations in the quantities of CHOL excreted 
after the basal hour. 

Whenever necessary, the numerical data obtained from the tests were statistically 
evaluated according to methods suggested by Burn.'® Values of P<0-05 were con- 
sidered to be significant 

RESULTS 
|. Experiment A, single intravenous administration of drugs 

As shown in Figs. | and 2 (controls), subsequent to the basal hour a progressive 
decrease occurs in the biliary flow as well as in the biliary concentrations of CHOL, 
and of the absolute figures of this excreted with the bile. Regarding the compounds 
examined, we shall observe the results obtained with NA, 3-PAA and IHN lacking in 
choleretic effects and those registered with Na-PHB, betaine-PHB, CYN and Na-DHC, 
all these latter drugs being endowed with intense choleretic action, some very lasting. 

NA, 3-PAA and IHN: The comportment of the excretion of bile, expressed in 
percentage variations in respect to figures of basal hour, proved to be similar in the 
control rats and in those injected with 3-PAA at all doses tested and with NA and 


IHN at the highest dose. However, with the lowest doses of the latter two products 
used, the biliary flow is found to diminish with time more than in the controls. With 
the exception of the rats treated with NA and the highest dose of those used, there 
did not appear to be any significant variation in the progressive decreases with time 
either of the biliary concentration of CHOL or of the excretion of CHOL in absolute 
figures. In fact the decrease itself appeared, for the lowest doses, slightly accentuated 


with respect to the controls 


Na-PHB, betaine-PHB, CYN and Na-DHC. In the rats treated with Na-PHB and 
in particular, betaine-PHB in the dose of 25-50 mg/kg, a strong choleretic effect is to 
be observed and there is, as in the controls, a decrease in the concentrations of CHOL 
in the bile. However, the treated rats differ from the controls by registering an increase 
in absolute figures of the sterol excreted, due to the larger quantities of bile eliminated 
for the choleretic effect of the two products. In the rats treated with the two com- 
pounds with a dose of 100 mg/kg, however, the controls showed a much more marked 
decrease in the concentrations of CHOL in the bile emitted following injection of the 
drugs, and consequently also a greater decrease in the absolute figures of CHOL 
excreted. 

CYN partly opposes (especially at the highest doses and notwithstanding the 
increased biliary flow determined by such doses) the decrease in concentrations of 
CHOL in the bile excreted during the 4 hr following the intravenous administration 
and determines, therefore, at the highest doses, an increased excretion of CHOL in 
absolute figures. 


"2 
4 
* 
960 
> 
4, i. 


P. Preziost, B. Loscatzo E. Marmo and E. 


(WOLE/TEROL 


LI ARY 


254 
i 
| \ 
: 
< = a 
\ | * a 
\ 
\ 
= ( 
\ 
~« 
| 
- ° 
= 


veral anticholesterolemic compounds 


e 


= 
~ 
b= 
= 
= 


single or re 


flects of 


E 


Po 
SB PIssaidxd sue spunodwos 9914} DY} JO Sasop sy] 
19}} P| 
SIU} UL PAPJOOI 19g ‘OO! SP ‘Ou jeseg ou) Sanoy oy) ul jo 
JO sandy aynposqe g ur f(y se “NOY [eseg dy) JO 
94} ©} Ul ‘sBnup o jO SINOY OY) Ul Jo suROW Aq 
uO OS PUR p4iq) JO 
Jo 0} -dnoy Puodos OY) way jo oy) Oo} Suippe 
Sut} O} 90d ul Pos MOLY q OO, se MO SI yey) 


JO UONAIOXS UO 


PUR MOY UO [OUSOUT puke “plow JO 


: 
Ee. 
Le 
| 
‘ 
F* 


MIELE 


~ 
2 
x 
< 
- 


B. LoscaLzo, 


PREZIOSI, 


p 


a 
] \ \ \ 
VS / 
\ 
: \ \ \ \\ \\| 
\\ \\ 
\\ 
| 
/ 
, 
a 
2 | | 2 


257 


= 
= 
=| 
5 
2 
= 
a 
oie 
3 
3 
— 
> 
~ 
= 
= 
3 
=) 
ob 
c 
= 
4 
= 


DULIBUAD OF sasop SBM oy) {prior 
Se passaidxd JO PUR JO sasop ou] 
UL JO SIINTY 4} QO] se ‘ouo 94} sINOY ay) UT 
IOHD JO JO SUOIRLIRA 24) Yydeis ul uo Os pur ‘paryy oy) Jo 
OF "PUODS 94} JO 9SOY} INOY JO oy) SUI} OF UT 
24) YUM "TOHD Jo aynjosqe ‘g ydeid ur OO] Se ou) 
Ul dy) JO oy) SUIMOT[OJ SINOY UI 24} JO Aq 
TOHD JO sannuenb aynjosqe jo suonReuRA oy} Y ydeis ur : 
“QNs ANOJ JOJ Ajaarsadsai payesipul sydesd oy) uy 
UO OS PUB JO 
“PUODIS DY} JO ISOY} PUOSAS JO SOY) “INOY dy) JO saunsy 24} O} Suippe poureygo ou oy) 
JO 0} ul MOY 94} JO oY) saduR}sqns 


INO} 9Y} JO} our pure y ‘Moy payeoipul sydeis oy) uy 


JODISIJOYS JO UO MOY 


& 


7 
] 
4 
4 
ine 
ip 
* 


258 P. Preziosi, B. Loscatzo, E. Marmo and E. Miett 

In Na-DHC-treated animals, the biliary concentration of CHOL presents a 
comportment, in the first 2 hr after treatment, not very different from that of the con- 
trols. In the first hour, moreover, a positively marked decrease in respect to the figures 
mentioned in the controls is shown. Since the decrease in biliary concentrations of 
CHOL takes place during the period of choleretic effect of the product, which lasts 
nearly 2 hr, there is, in consequence of such a phenomenon and in spite of the reduc- 


tion of the biliary concentration of the sterol, a reduction (even though slight) of the 


progressive decrease in the absolute quantity of CHOL excreted by means of the 
bile. In the third and fourth hours following the administration of the compound, 
there can be noted, in proportion to a reduction in the biliary flow (even more intense 
than that noted in the controls at corresponding times), a progressive increase in the 
biliary concentration of CHOL for which, finally, the excretion of the sterol in absolute 


figures is comparable, at those times, to those noted in the controls or slightly less 


ent B nistration of drugs by the intraperitoneal route for ten consecutive 

day 
rhe results of this group of tests are reported in Table |. Significant variations are 
not found between differently treated animals (with respect to the control rats) in 
the quantity of bile emitted for 24 hr and per kg as well as the percentage of CHOI 
present in the bile and the total quantities excreted of the sterol. Let us mention, 
however, that only the CYN, at the highest dose of the three examined, reduces the 
biliary concentration of CHOL, thus confirming what was already noted by us in 


former research. 


DISCUSSION 

Among the drugs studied in experiment A, only CYN, at the highest doses examined, 
and Na-PHB and betaine-PHB, at the lowest doses, increased the biliary excretion of 
CHOL. The increased excretion of CHOL provoked by CYN may represent a useful 
factor in clarifying the mechanism of the hypercholesterolemic effects of the product 
also observed by us in certain experimental hypercholesterolemias*: * and also ob- 
served for prolonged treatments at high doses in a human clinic" * in conditions of 
deranged cholesterol metabolism and atherosclerosis. 

We consider it worthwhile noting that the effect of Na-PHB and betaine-PHB on 
the biliary excretion of CHOL can differ in the acute experiments, in relation to the 
dose. In fact, for the lower doses (25-50 mg/kg) practically corresponding per kilo- 
gram to those of human therapy per kilogram and daily, there is an increased excretion 
of CHOL in absolute figures (in the percentage sense a decrease can always be ob- 
served, strongly counteracted, however, by the increased biliary flow). At the highest 
dose, 100 mg/kg. there is a decrease even in absolute figures, there being the strong 
reduction for such doses of biliary cholesterol concentrations, this time of such entity 
as not to be compensated by the nevertheless very high increase in the biliary flow. 
In all probability, for high doses of phenylbutyrates, with the intensification of the 
phenomenon of inhibition of the hepatic synthesis of the sterol, this phenomenon 
prevails in respect to the increased biliary excretion, with the result that the bile, even 
though abundant, contains lesser amounts of CHOL." In spite of the fact that these 
are also powerful choleretics, this phenomenon does not occur with CYN and Na-DHC 
even at the highest doses. This variation in action according to the dose of 
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phenyl-ethylbutyrates may explain the different or even opposite effects noted by 
different authors with phenylethylbutyric acid relative to the biliary excretion of 
CHOL.": 

The inability of Na-DHC, among the compounds endowed with a choleretic action 
examined by us, to determine an increased excretion of CHOL, even if for some of the 
doses it behaved in the way we observed, confirms the observations of Turba and 
Piccinini.’’ It is also worthwhile noting that NA is like 3-PAA and IHN, i.e. drugs 
endowed with marked cholesterol-lowering properties (NA'*; 3-PAA;%4, 19%, 20 
IHN*'), have proved themselves to be incapable of increasing the biliary excretion 
of CHOL and the biliary flow. The observations made by us confirm the findings of 
Mainardi* and Gunther* regarding the inability of NA to modify the biliary flow, 
and of Friedman and Byers** regarding the inability of the acid recorded to favour the 
excretion of CHOL with the bile; our results, on the other hand, do not agree with 
those of Parson and Flinn**, who appear to have found a remarkable capacity of NA 
of favouring an increased biliary excretion of CHOL. 

It must be emphasized again that in the chronic experiments (experiment B), carried 
out according to the advice of Byers and Friedman,* none of the compounds examined, 
even at much higher daily doses per kilogram than those of human therapy, 
succeeded in modifying in a statistically significant manner the excretion of CHOL 
via the biliary route. With the exception of 3-PAA* and CYN,*: ® the other compounds 
were never tested by Byers and Friedman.* We must therefore conclude, according 
to Byers and Friedman, that none of the compounds examined (including the phenyl- 
thylbutyrates) is able to inhibit the hepatic synthesis of CHOL, with perhaps the 
exception of CYN (0:1 P > 0-05) at the highest dose examined, this fact having 
already been observed by us in former experiments.*: > We postpone, however, such 
conclusions, since at present a series of investigations is in hand, with the aim of 
ascertaining the real significance and possibilities of the test advised by the American 
authors 

Finally we think it worthwhile making note of the possibility (clearly established 
by the tests carried out by us) that the excretion of CHOL by means of the bile presents 
variations even in a relatively short time (experiment A) and that such variations, in 
the sense of an increase in the quota of sterol excreted, can be determined by certain 


compounds (e.g. phenylethylbutyrates, CY N) active as cholesterol-lowering substances 


in humans and possessing also marked choleretic action, whilst other powerful 
choleretics, even though endowed with antiaterosclerotic action?’ even if questionable 


do not prove to be as active in this sense. 


REFERENCES 
M. FRIEDMAN and S. O. Byers, Amer. J. Physiol. 168, 297 (1952) 
. BLocu, B. BerG and D. RirrenserG, J. Biol. Chem. 149, 511 (1943). 
S. ROSENFELD and L. HELLMAN, J. Clin. Invest. 38, 1334, (1959) 
. Preziost and B. LoscaLzo, Arch. Ital. Sci. Farmacol. 7, 244 (1957) 
. Preziost and B. Loscatzo, Arch. Int. Pharmacodyn. 117, 63 (1958). 
Preziost, B. Loscaczo and E. Maro, Experientia 15, 135 (1959) 
L. DoNATELLI, P. SpriGLiati, M. ZABBAN and R. Se_itert, Min. Med. 42, 1117 (1951). 
O. Byers and M. FRIEDMAN, Amer. J. Physiol. 168, 292 (1952). 
W. M. Sperry and M. Wess, J. Biol. Chem. 187, 97 (1950). 
J. BURN, Biological Standardization Vol. 11. Medical Press, Oxford (1952). 
. G. Cima and R. Bonora, Min. Med. 50, 2288 (1959). 


| 
a 
960 4 
: 
| 
I 
1] 


P. Preziosi, B. Loscatzo, E. Marmo and E. 


M. MANcINi, P. Ortente and L. D'ANDREA, Symposium on Drugs affecting Lipid Metabolism, 
Milano, 2-4 June 1960. Elsevier, Amsterdam. In press. 

B. LoscaLzo, E. Marmo and E. Clin. Terap. 19, 12 (1960). 

D. Brauer, K. Lorne and L. E. Scuinpe, Lancet 1, 743 (1958). 

G. MINrNNI and S. Le Brun, Min. Med., 46/11, 1864 (1955) 

V. Rirrer, Arcn. Wschr. 13, 488 (1958) 

C. Turpa and F. Piccrnit, Boll. Soc. Ital. Biol. Sper. 36, 262 (1960) 

QO. Picctneut, // Farmaco (Fd. pratica) 15, 259 (1960). 

F. Det ReGno, G. B. Opoarpi and A. Vercine; L. Bonomo, A. Turst and V. Minerva: F. M 
ANTONINI and R. Ma GUARINI, A. LompBarpt and S. SinaGra; F. M. CHIANcone: M 
Repaci, Rif, 253276 (1960) 

G. Ratri, E. De Fova and E. Ferrari; L. and C, Papa; F. Puprra; B. 
MARRAMA and E. V. Ferrari and F. CampaGnari: G. Gampassit, V. Maca, 
Senst, A. V. Gri and M. MaGaro’; D. FumMaroia and D. Grorpano: V. D'Amato and 
L. T. TENcCONT: I sINOULHIAC and L. T. Tencont: S. Nani. Min. Med. 51. 1131-1171 (1960) 
P. Preziosi E. Marmo and E. Miete. Clin. Terap. In press 

L. ltal. Biol. Sper. 25, 1228 (1949) 

M. 1. Gunruer, K.S. Kim, D. F. Macer, H. Katsron and A. C. Ivy. J. Pharmacol. 99 

M. FriepMan and S. O. Byers, J. Clin. Invest. 38, 132 

W. B. PARSONS a 1 H. Fourn, Circulation 18. 489 (1 

G. Manzi, M. Mancini and M. Tatarico, Boll. Soc. Itai r. 32. 654 (1956) 


F. Cocuzza and LOMBRITA, Rif. Med. 72, 889 (1958) 


R. G. Goutp and R. P. Cook, In P. Cook, Cholesterol p 5. Academic Press, Nev 


(1958) 

R. H. Rosenna Breat, S. O. Byers and D.D. Rasin, J. Clin. Invest. 38, 1434 (1959) 
R. H. Rosennas Byers and M. Friepman, J. Clin. Endocrin. 12, 1287 (1952) 

R. H. ROSENHAM ¢ SHIBATA, Proc. Soc. Exp. Biol... N.Y. 81, 296 (1952) 


= 
; 
12 q 
13 
| 
; 
15 
3 
7 
q 
2 
q 
2 
| 
| | 
| 
: 
4 
29 | | 3 
~ 
a q 
| = 
a. 
4 
| 
5 


Biochemical Pharmacology, 1960, Vol. 5, pp. 263-264 Pergamon Press Ltd., Printed in Great Britain. 


SHORT COMMUNICATION 


Inhibition of the metabolism of hexobarbital in vitro 


(Received 19 September 1960) 


IN A previous report by Fujimoto et al! it was Suggested, as a result of experiments in vivo with certain 


agents which prolong hexobarbital narcosis, that the metabolism of the barbiturate is inh bited b 


these agents. Experiments involving the perfusion of the isolated rat liver provided further evidence 


in support of this conclusion. The agents studied were of current pharmacologic interest; these 


included £-phenylisopropylhydrazine ((PIH) i-methylphenethylhydrazine)*, N-ethyl-3-piperidy! 


benzilate (EPB) and N-methyl-3-piperidyl-(N’, N )-diphenyicarbamate (MPDC).+ PIH is a strong 


monoamine oxidase inhibitor.* EPB is a hallucinogenic agent described by Abood er al 


Since it is known that the liver microsomal system is responsible for oxidation of hexobarbital.’ 


it was Of interest to determine whether the inhibition of hexobarbital metabolism. as suggested by the 


in vivo-findings mentioned above, could be demonstrated in vitro 


SKF 525A 


0.48 x/0 


/NH/8/T/ON 


5 50 oS 5 50 


-4 
CONCENTRATION, INHIBITOR: M x 10 


Fic. 1. Inhibition of the metabolism of hexobarbital in vitro in a rat liver homogenate supernatant 


fraction. Concentration of each drug producing 50 per cent inhibition is indicated 


For each drug tested, two adult Sprague-Dawley rats (210-350 g) were stunned and decapitated; 


the livers were removed immediately, pooled, and homogenized with two volumes of phosphate 


buffer in a Waring blendor. The supernatant fraction containing the microsomal enzyme system 


responsible for the enzymic alteration of hexobarbital was then prepared according to the method 


of Fouts and Brodie’. The drug was added directly to the prepared reaction vessels and the degree of 


* PIH is also known as JB-516 and is marketed as “Catron”. 


* EPB is JB-318. MPDC is JB-371. These compounds were obtained through the courtesy of 
Lakeside Laboratories, Milwaukee, Wisconsin 
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BOOK REVIEWS 


F. ANNISON and Dyrep Lewis: Metabolism in the Rumen. Methuen and Co. Ltd.. I ondon, 1959. 


177 


, 15s 


PP. 


A GREAT deal of work on ruminant digestion has been done during the last 20 years and this mono- 


graph summarises the biochemical aspects of the subject. The title emphasises the fact that a Study of 


the digestive functions of this organ is really a study of the metabolism of the bacteria and protozoa 


that live in it. To a large extent the metabolism of these organisms does fulfil the definition of diges- 


tion, namely that ingested food is prepared for assimilation by the animal. Since, however. the 


organisms themselves live on the food eaten by the animal, transformations of food constituents 


into microbial constituents also occur. The monograph consists of 6 chapters: the first is an introduc- 


tion which sets out the important anatomical features of the stomach. being marred only by a mis- 


leading arrow in the diagram that shows the direction taken by the food through the stomach. This 


arrow suggests that when food is reswallowed during rumination it passes directly to the 3rd and 


4th parts of the stomach, which is not supported by the text. The second chapter deals with the 


microbiology of the rumen; the third with fermentation of carbohydrates: the fourth with the meta- 


bolism of nitrogenous compounds; the fifth with absorption from the rumen: and the sixth with 


rumen function and dysfunction. Each chapter is annotated and the reference lists. although not 


exhaustive, give a good introduction to the literature. The text is supported by tables of published 


experimental results and diagrams 


This monograph is well written, easy to read, and gives a most comprehensive account of the work 


done in the various aspects of the subject. A clear indication of the ways in which this new knowledge 


has influenced research on the nutrition of domestic ruminants, on the evaluation of foodstuffs, and 


on the various disorders that occur in the rumen, or are associated with it. is given. Inevitably there 


are a few controversial conclusions, but this is only a sign that the subject is rapidly growing, and 


they are quite overwhelmed by the main body of the book on which substantial agreement has been 


reached. Consequently it can be recommended confidently as a book which all veterinary and agri- 


cultural students should read. It will be useful for those who teach animal nutrition and to those who 


wish to be well informed on this aspect of biology. The word biology is used because. although the 


subject matter is largely biochemical, it is treated in a biological manner 
One further matter should be mentioned. This book was written while both authors were on the 


staff of the Institute of Animal Physiology at Babraham, although the address given to the Preface 


Suggests that this was not so. 


A. T. PHILLIPSON 


Steric Course of Microbiological Reactions. Edited by G. E. W. WotsteNHOLME and C. M. O°CoNNorR 
J. and A. Churchill, Ltd., 1959. Ciba Foundation Study Group No. 2. pp. 115, 12s. 6d. 


Once the cover of this exciting book is opened there are few faults to be found. The poor printing on 
the cover is matched by the inaccuracy of its title. Why should a book on microbiological reactions 


contain a table which compares enzymes from the flounder, sole. lamb. dogfish, grass frog and 


herring? Although some articles are largely microbiological, the substitution of the word 


“Biochemical” for “Microbiological” in the title would give a truer picture of the scope of this 


excellent book 
After N&EUBERGER’S orientating opening remarks, WesTHEIMER gives an excellent summary of 


stereospecific reactions. These two articles summarize main themes of the following papers and 


discussion by treating the biochemical reactions specific for one of the two “‘a” groups attached 
to a carbon atom in compounds of the general type Ca.be. Citric acid (a CH,.COOH), the 
nicotinamide residue (a H) and ethanol (a H) are the compounds most thoroughly 


considered. 
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WALLENFELS discusses hydrogen transfer by the nicotinamide residue in detail. He uses chemical 
reactions as models, and some biochemists may wish that the material had been more clearly arranged 


Evidence is presented 


nucleus with an electr pair (i.e. a hydride ion) rather than of a radical or of free electrons. Wallenfels 


at in those reactions most like enzymic ones, the transfer is of a hydrogen 


also mentions possible binding mechanisms of the coenzymes with certain dehydrogenases 

KAPLAN follows with a masterly article. After skimming past a-DPN and the neat evidence that it 
contains the a-ribosidic bond, he reviews L- and p-lactic dehydrogenases from bacteria and animals, 
and their reactions th coenzyme analogues. Interestingly the two enzymes from Lactobacillus 
arabinosus transfer hydrogen to the same side of the pyridine ring of the coenzymes although to 
different sides of the pyruvic acid. Finally KAPLAN checks the relationships between fishes, on the 

basis relat sehaviour of their heart lactic dehydrogenases with coenzyme analogues 
readers adroitly through the maze of properties of the steroid de- 
ms of the equilibrium constants of several of the reactions. The 
(rings AB flat) and 58 (rings AB bent) androstane series oxidation 
, a8 expected, less energy (by about | kcal/mole) when the hydroxy! 
such difference is found when the molecules bear a —-CO-CH,OH 


ir end of the molecule. Can this group affect the conformation of 


r the meeting was arranged, chooses the reduction of decalones as simpler 


\gain we are guided throu; 


a variety of microbiological reactions to a 


id. This states that steric course of the reduction is determined the 


g compelled to approach n the side away from the —CO-NH., group 


xygen of the ketone points towards the ring nitrogen of the coenzyme 
hye 


mien 


be a purely steric effect or an orientation of both substrate 
ar and nonpolar regions of the enzyme 
s a fascinating glimpse into an exciting part of biochemistry. The Editors 
are to be congratulates t st helpful cross references between the different articles. Could they 
be asked to read Fowler on hyphens before allowing “nucleic acid-containing particles’? The book 
is to be praised for the speed of its appearance (the meeting was in March 1959) and for its reasonable 
price 


H. B. F. Dixon 


Medizinische Grundlagenforschung: Edited by K. F. Bauer. Vol. Il, pp. 827, 168 DM. 


Das Buch ist der 2 Band einer Schriftenreihe, die den Mediziner in Forschung, Klinik und Praxis 
uber den wissenschaftlichen Fortschritt auf den verschiedensten aktuellen Gebieten in kurzer und 
verstandlicher Fort terrichten soll. Die einzelnen Beitraige sind in sich geschlossen und von 
hervorragenden Sachkennern geschrieben. Sic nehmen eine Mittelstellung ein zwischen Ubersicht 
und Originalarbeit 

Der vorliegende 2. Band enthalt 17 voneinander unabhangige Beitriige. Im ersten Kapitel behandelt 
QO. SCHAUMANN den Schmerz als physiologisches und pathologisches Phaenomen. Der folgende 
Beitrag von R. Grant ist der Steuerung der Kérperhaltung durch tonische Hemmungen von der 
Formatio reticular idmet mit besonderer Beriicksichtigung der Gamma-Neuronen. Die 
“Physiologie der markhaltigen Nervenfaser” ist von H. C. LUtrGau, Bern, mit 30 hervorragenden 
Abbildungen meisterhaft dargestellt. Dieser Beitrag, der die erfreulich eng gewordenen Bezichungen 
zwischen Physiologie und Pharmakologie zur Grundlage hat, verdient Bewunderung. Schon recht 
speziell ist das Kapit E. C. Crospy, T. HumpHrey und M. J. Suowers iiber die supplementiren 


motorischen Rindenregionen. Anschliessend gibt E. HAGEN, Bonn, eine mit vielen guten Abbildungen 
versehene Ubersicht “iiber morphologische Veranderungen vegetativer Nervenzentren bei patho- 
logischen Vorgiange Nach einer kurzen allgemeinen Darstellung der Zellenlehre und der Zellular- 
Patl gie unter Aspekten von K. F. Bauer und E. MULLER berichtet T. Astrup iiber die 
Fibrinolyse und mbolyse. E. RutisHauser, R. Lacrer und E. Grasset liefern neue Beitriige 
aus der Arthrose- u \thritis-Forschung. Die Pathologie der Endocarditiden ist von G. Bomptant 
und A. Ascenzi behandelt. Grosses Interesse wird der Beitrag von V. Becker iiber Wirkungen des 
ausseren und inneren Sauerstoffmangels finden. Dasselbe gilt fiir die Biochemie der Entziindung, 
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die von R. Meter (43 Seiten Literatur bei 34 Seiten Text) behandelt wird. Durch Klarheit und Voll- 
Standigkeit ausgezeichnet ist die schéne Ubersicht iiber cancerogene Stoffe von N. P. Buu-Hol 
Anschliessend berichten G. Domack, L. JUHLING und J. Pi ITER Uber Probleme der Chemotherapie 


bei Tumoren besonders mit Bayer E 39 und J. VoNKENNE! und M. Scuooc iiber die Chemotherapie 
der Hautkrankheiten. Nach kurzen Beitragen iiber Zell-Elektrophorese von G. RUHENSTROTH-BAt ER 
und P. SACHTLEBEN und iiber Vitamin B,,.-Analoga von W. Fru DRICH und K. BERNHAUER schliesst 


das Buch mit einer recht interessanten Abhandlung von R. Haase: “Strukturbildung in der Natur 


in ¢ 


und der 2. Hauptsatz der Thermodynamik” und betont damit wohl bewusst die naturwissenschaftlict 


ne 


Grundeinstellung 


3 Die wissenschaftliche Qualitit der einzelnen Beitrage ist durchweg gut. So gibt das Buch dem 
a Leser die willkommene Méglichkeit, sich in kurzer und klarer Form von berufenen Sachkennern 
q liber die wichtigsten Fortschritte der Forschung ur terrichten zu lassen. Ein solches Buch hat gefehlt, 
a sO dass man den Autoren, dem Herausgeber und dem Verlag fiir ihre Arbeit nur danken kann 


DRUCKRE 


Ciba Foundation Symposium on Regulation of Cell Metabolism. Edited by Dr. G. E. W. Wo xsTeEN- 
HOLME. J. and A. Churchill Ltd., London. 1960 pp. 387, 52s. 6d 


THis is an account of an enthralling Symposium planned and directed by Sir Hans Krebs with the 


cooperation of Professor Dickens as a result of a conversation between Professor Martius, Professor 


Lynen and Sir Hans Krebs. It is the result of papers by sixteen authors followed by an account of the 


discussion of these papers. Thirty-one persons attended and took part in this Symposium. 


It commences with a Chairman’s introductory address on the rate-limiting factors in cell respira- 


tion in which there is a consideration of how tissues such as cardiac muscle. showing great variations 


in the rate of respiration, all the changes from rest to activity, nevertheless can manage the con- 


sequential variations in a way in which factors other than hormonal may be involved. It deals with 


the reactions between oxygen and substrates involving such factors as iron porphyrins, flavoproteins 


and pyridine nucleotides. It points out the importance of feed-back svstems in control, It is interesting 


that this mechanism has now become generally accepted in biochemistry, as it is one that was clearly 


enunciated by Sherrington in regard to reflex activity many years ago. The address by Krebs is 


followed by one by Siekevitz on the meaning of intracellular structure for metabolic regulation. He 


brings out well the various problems involved in the recent know ledge of the structure of mitochondria 


and of cytoplasm, in pointing out the modern views on the division of cytoplasm into numerous 


compartments. Clearly in matters of regulation the incidence of these barriers must be very thoroughly 


considered, and a similar aspect is discussed by De Duve. 
E. C. Slater and W. C. Hiilsmann deal with the respiratory chain and the relation to this of ADP. 
Aspects of control of oxygen utilisation are discussed by Britton Chance with a full account of 


his fascinating techniques for investigating reactions occurring in seconds, and his solution of many 
simultaneous equations. 


A. Lehninger and colleagues discuss control points in phosphorylating respiration and the action of 


a mitochondrial respiration release factor. In this they delineated the effects of various uncoupling 


reagents. F. Dickens and colleagues have made a large contribution to the discussion, on various 


oxidative pathways of carbohydrate metabolism dealing, in addition to normal pathways, with the 


glucuronate pathway and the pentose phosphate pathway. Lipmann and colleague discuss glycogen 


synthesis in muscle. Martius deals with electron transport and is followed by a series of papers upon 
the control of glycolysis by Racker, Potter, Lynen and Holzer. It would be invidious to pick out 
special points of interest in this wide appreciation of the subject ; that on triphosphopyridine nucleotide 
by Potter and Niemeyer, and the regulation of the Pasteur effect by phosphorylation reactions in 
relation to the exhaustion of the inorganic phosphate by Lynen seem very significant. 

The Symposium finished with papers on the automatic adjustment mechanisms in bacterial cells 
by Dean and Hinshelwood, and control of growth of the bacterial cell by Magasanik ef al. 

The theme of the Symposium in its insistence upon looking at the reactions in the cell as a whole is 
admirable and provides much food for thought. In the past biochemists have been concentrating 
naturally upon the behaviour of isolated enzymes. The time has now come when a more forward 
attempt may be made to put these together and an oversight of these papers makes fairly clear what a 
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long way we shall have to go before we understand them in all their heterogeneity. The discussions 
which are also printed are informative and more valuable than the reviewer has often felt in the past. 
It is possible that these might still be edited more thoroughly with an improvement in the presentation 

Other biochemists could possibly have been included, but some limitation was necessary 

The book which is well produced represents a milestone in biochemical thought, and justifies the 
hope of Sir Hans that it will be regarded as a pioneer book. The reviewer was only surprised by one 
challenging sentence to the effect that hormones usually (though not always) act through direct effect 
on an enzyme. This would not be considered as proved by a majority of biochemists; but they should 


certainly make a point of reading this symposium. 
RUDOLPH A. PETERS 


Symposium on Protein Structure Edited by A. NeuperGcer. Methuen & Co., Ltd., London, 1958 
Price 45s. 


THE meeting which gave rise to this volume, held in Paris, 1957, had as its original intention a discus- 
sion of the quest of purity as it applies to proteins. In the event it covered most aspects of protein 


dif 


chemistry. The grac ilargement of the scope of the symposium may explain the wic fferences 
in character bet t lifferent contributions which range from extensive review articles through 
more usual symp m papers to detailed accounts of particular experiments. But it has also meant 
mn of si ny topics that all interested in this field will find something of value and interest 

It contains several methodological papers under the heading—general problems and methods 
which include a s ating paper on deuterium exchange by the late Professor Linderstrom-Lang, 
and an exce t w by Tanford on protein configurations in solution. The section on specific 


proteins contalr ibutions of great interest, in particular, the accounts of Hirs, Stein and 
elucidation of such a rge fraction of the structure of ribonuclease 
concerning myoglobin, haemoglobin and tobacco mosaic virus 
dvances in X-ray analysis of these proteins. The paper by Kendrew gives a 
thods which have since given his model of myoglobin. The rapid progress in 
neolyt nzymes is well covered 
observations on a di : range of subjects comprise the last section. These 
lies on lysozyme the late Professor Fromageot and one extensive review 
species variation and structures of some of the pituitary hormones 
this subject this volume conveys clearly the great interest and pace of work 


the great uneveness in the methods of presentation there is much 


of interest 


K. A. STACEY 


Ihe Thyroid Gland (N. B. Myant Editor) British Medical Bulletin Vol. 16, No. 2, The British 


Council, Londor May 1960, 20s 


THE articles are o gh standard set by previous issues of the Bulletin, and the choice of contribu- 
ithority. There 1s, natural i clinical orientation, the opening article 
Dysfunction (W TROTTER): among the topics dea 
lAZNOStIC radio-ik auto-immunity, and interrelationships between the thyroid and t 

central nerve : ! am ch articles, in somewhat random order, are articles on 

more bi topics ch as hormon iosynthesis (R. Prry-Rivers). The latter article lacks formulae 

are nowhere considered, except in the excellent art by H. D 

Purves and D. | AMS On thyroid-stimulating hormone; this article is marred only by a confusing 
opening sentencs the section on ecxopnhthaimos 

rhe absence irticles on actions of thyroid hormone, at the tissue level, is a serious Omission, 

particular nc $ an extensive and confusing literature on this question. It would, moreover, 

nave been adva!l ist 1 at the outset a ’ article, surveying established facts on the 


nature and actions thyroid hormones (e.g. the role of thyroglobulin) and attempting to put the 


succeeding artic perspective. The Bulletin is, then, not ideally suited to the hypothetical “general 


} 


reader” mentioned in the Introduction 
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E. H. Retyvetp: Toxine et antitoxine diphtériques. Etude immunologique. Actualités scientifiques et 
industrielles: 1278, Hermann, Paris, 1959. 164 pp, 58 fig., 33 tables. 


Tuts monograph describes original experiments conducted to study the much discussed reactions 
between diphtheria toxin and antitoxin. In addition, each chapter contains a historical introduction 
and several useful techniques are fully described and discussed. 

Crude diphtheria toxin (culture-filtrate), and therefore the anatoxin prepared from it, contains a 


large number of antigens besides the specific toxin. Corresponding anti-sera contains many “‘accessory 


antibodies” in addition to “antitoxin”, this name being used to designate antibodies specifically 
reacting with the toxin, either to promote its precipitation or its neutralization 

A new semi-synthetic medium, containing casein hydrolysate, and optimal conditions for toxin 
production are described as well as two methods of toxin purification, one making use of the classical 
salting-out method, the other resorting to chromatography on calcium phosphate. A crystalline toxin 
titrating from 3-000 to 3-100 FU/mg N was obtained as well as a correspondingly pure anatoxin. 

Tested by several methods of gel-precipitation, the purified toxin gave only one line of precipitation 
in response to homologous anti-serum as well as to anti-sera prepared with anatoxins of lesser purity 
and containing a number of accessory antibodies. Likewise, anti-serum against purified anatoxin gave 
a single line of precipitation when allowed to react in agar with crude toxin. 

At the beginning of immunization in horses, diphtheria antibodies are associated with the y- 
globulins and such anti-sera give a bell-shaped quantitative precipitation curve (type “rabbit). On 
the contrary, at the end of the hyperimmunization, diphtheria antibodies are associated with the 
3-2-globulins and the quantitative precipitation curve shows a rectilinear part and solubility of the 
precipitate in excess antibody (type “horse’’). Under proper conditions, and with the help of *"'1, it 
was shown that antibodies, synthesized in response to the injection of pure anatoxin, can be of several 
kinds, some being able to flocculate without hardly neutralizing, while others neutralize without 
precipitating and others still act both ways. However, a study of the reactions of anti-serum with 
pure toxin partly degraded by a protease indicates that the toxin molecule is a single entity, provided 
with several determinants groups, each of which being able to induce the production of a distinct 
antibody, but only one of which being related to toxicity and therefore able to induce the production 
of neutralizing antibody. 


M. WELSCH 


L. Rey: Conservation de la vie par le froid. Actualités scientifiques et industrielles: 1279, Hermann 


Paris, 1959. 167 pp, 84 fig. 


SEVERAL chapters of this monograph deal with the physico-chemical processes intervening during the 
congealing of biological material to low temperature and with the description of techniques and 
apparatus used to achieve that aim 

From the biological point of view, original experiments are reported showing that, under proper 
conditions, heart tissue from the chick as well as skin from the rat or mouse, can be stored at low 
temperature (dry ice 79 C; or liquid nitrogen 196 °C) for an indefinite length of time without 
showing, upon correctly performed re-heating up to body-temperature, any loss of their physiological 
activities 

In order to obtain such results, the tissues must be impregnated with glycerol before being cooled 
There exists an optimal concentration of glycerol, as well as an optimal length of time for impregnation, 
which have to be found for each particular material under study. 

The range of temperature between 0 © and — 50 C is the most noxious to the tissues and therefore 
re-heating must be performed as quickly as possible 

The protection afforded by glycerol is explained by the following observations. Between 0° and 

20 °C, it slows down the rate of propagation of the crystalline front, diminishes the size of the 
crystals, favours surfusion and has a tendency to maintain osmotic equilibrium while water is con- 
verted to ice. Between —20° and —80°C, its presence gives more regularity to the process of 


crystallisation and favours the formation of vitreous structures. 
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The temperature of storage must be below -—-60 °C for tissues impregnated with Eagle's solution 


containing less than 45°, glycerol and below 130 “C whenever the concentration of glycerol is 


ugher 
Practical applications (tissues and organ banks) and the possibility of congealing and storing whole 
animals without harm are discussed 


M. WELSCH 


Antibiotics in Medicine. L. P. GArrop (Editor). British Medical Bulletin 16, No. 1, 1960. The British 


ncil, Londo 


prepared under the eminently competent scientific editor- 
ntroduction and fitte papers, written by well-known 


highest value to the 


rapeutic and prophylactic use of the numerous now available 


to the biochemical pharmacologist 
s”. E. P. Abraham and G. G. F. Newton, 
nto natural families on the basis of 
hesi 
of antibiotics It gives a clear an 


the molecular and cellular 


cycloserine and bacitracin, gross cell-permea- 


as tyrocidin and polymyxin, interference with 


r its development”, M. R. Pollock, first 
ld responsible for microbial drug-resis- 
sms that can conceivably induce 


ndividual bacteria and refore, thanks to natural selection, promote 


nduction and genic alterations such as gene mutation and gene recom- 


on and G. A. H. Buttle deals with “The pharmacology of antibiotics” 


is yet rather limited, the biochemical aspects are less stressed than in the 


M. WELSCH 


Glutathione. | K (Editor). Biochemical Society Symposium No. 17. Cambridge University 


Press, 1959. 


Ever since Hopkins isolated pure glutathione nearly 40 years ago, the elucidation of the function of 
this ubiquitous substance has posed considerable problems. Some of the latest views on possible 
roles for glutathione were discussed at a Biochemical Society Symposium held in London in February, 
1958 

The first two articles deal with the chemistry and methods of determination and are by F. A 
Isherwood on the “Chemistry and biochemistry of glutathione” and by C. G. Thomson and H. Martin 
on “Techniques for determining glutathione in animal tissues”. The next two sections are concerned 
with possible metabolic roles for glutathione in plants and animals: “Enzyme systems associated with 
the oxidation and reduction of glutathione in plant tissues” by L. W. Mapson and “Glutathione 
metabolism in animals” by P. C. Jocelyn. In these articles particular reference is made to the oxida- 
tion/reduction of glutathione, its coupling with TPN and with vitamin C, and to the role of glutathione 
as a coenzyme 

The remaining three sections are concerned with more specialized aspects of glutathione meta- 
bolism: “Glutathione and neural tissues” by H. Mcllwain, “Glutathione and its analogues in the 
lens” by S. G. Waley, and “Thiols and radiation damage” by D. B. Hope. The latter article, as its 
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title suggests, includes a general discussion on —SH compounds, including —SH proteins, in their 
controversial role as primary targets in radiation damage. 

The problem of collating the various possible functions of glutathione is clearly not yet finally 
solved but considerable progress has been made. The symposium may be strongly recommended 
to the many biochemists who must be interested in the vital functions of —SH compounds. 

E. D. WILLS 


G. F. Gause. The Search for new Antibiotics Yale University Press, 1959, pp. 97, $4.75. 


a 

THe problem of coping with an expanding scientific literature is further complicated by the need for 

2 making up a deficit in our knowledge of Soviet research of the past two decades. Books such as 
a Gause’s will acquaint American and European scientists with the achievement and orientation of 


Russian Institutes. A lecture delivered at Yale University in 1959 forms the basis of this volume. It is 
a summary statement of some work at the Institute of Antibiotics in Moscow relating to the ecology 
of antibiotic-producing microbial species, and a more detailed account of the use of mutants with 


impaired respiration in the selection of anti-neoplastic chemical agents. GAUSE presents evidence that 


mutant microorganisms with deficient respiration and altered cytochromes are uniquely sensitive to 
carcinostatic chemicals. This relationship permits a screening technique for antibiotic and synthetic 


chemicals which is correlated with the effectiveness of the compounds on mammalian tumors. 
Underlying this work is the postulate that mutant microorganisms with impaired respiration are the 
biological equivalents of mammalian neoplastic cells. The utility of the empirical relationship remains 


to be determined, and the biochemical mechanisms which define the relationship are described only 


in general terms within the restricted parameter of respiration. However, this provocative essay gives 


the experimental basis of a development in screening technology which may assume considerable 


importance in the search for agents which selectively inhibit neoplasms 


C. E. Carter 


E. Ke_emMen: Permeability in acute experimental inflammatory oedema in the light of the action of 
salicylates. Publishing House of the Hungarian Academy of Sciences, Budapest, 1960. 256 pp. 


KELEMEN étudie depuis 10 ans les facteurs qui conditionnent le développement de l’oedéme provoqué 
par l'administration dans la patte du rat d'un extrait de testicule, riche en hyaluronidase. La pathogénie 
exacte de cet oedéme reste encore ignorée. Elle ne dépend pas d'une libération ni d’histamine ni de 


S-hydroxytryptamine, mais bien d'une atteinte primitive des capillaires et des membranes basales. 
L’action des salicylés sur le développement de l'oedéme est conditionnée par la présence des glandes 


surrénales. Ainsi les salicylés agissent par l’intermédiaire d'un facteur hormonal, encore mal défini. 


Des interrelations entre cortex et médulla sont en outre démontrées 
L’extension de ces conclusions 4 la thérapeutique clinique par salicytés 4 fortes doses semble 
malaisée. Bien que lintoxication aigué par salicylates entraine certainement une réponse corti- 
cosurrénale, pour Kelemen pareille stimulation ne parait pas survenir lors des cures chroniques. 
Outre ces facteurs endocriniens, des modifications de la circulation locale, du métabolisme tissulaire 
in situ, et de Véquilibre hydro-minéral, l'administration d’'adrénaline (et non de noradrénaline) peuvent 


également influencer le développement de l’oedéme. 

L’administration des salicylés influence chacun de ces facteurs. Ces altérations d'origine pharmaco- 
dynamique ont été considérées en détail, en particulier chez (homme. De l'examen de ces données, 
‘auteur établit qu'il existe une relation entre les propriétés anti-inflammatoires (en particulier des 
salicylés) d'une part et d’autre part ce qu'il définit comme I’ “hypergie”’, c’est-a-dire une altération des 
échanges hydro-minéraux associée a une utilisation tissulaire insuffisante d’énergie métabolique. 

Le travail de Kelemen représente une contribution importante a la connaissance de la pharmacologie 


des salicylés et des mécanismes de l'inflammation. 

L’action des salicylés apparait fort complexe, s‘expliquant par une stimulation cortico-surrénali- 
enne, par des interactions médullocorticales et par des facteurs métaboliques tissulaires plus généraux, 
tels que l'utilisation inadéquate des composés phosphorylés 4 haute teneur énergétique 
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La mise en évidence d'une perturbation des processus métaboliques comme condition essentielle 
de l'apparition des réactions inflammatoires découle de cette analyse. Les troubles de la perméabilité 
s expliqueraient par une atteinte cellulaire primordiale, dont le déterminisme humoral ou endocrinien 
semble trés secondaire 

Les conceptions de Kelemen s‘avérent originales et, par la méme, préteront sdrement a discussion 
Rappelons simplement que pour Roskam et son école, la salicylothérapie en clinique humaine dépend 
avant tout d'une stimulation cortico-surrénale, qui a échappé aux moyens d investigation mis en 


oeuvre jusqu ici par auteur hongrois 


Mais quelles que soient les divergences entre les opinions de l'auteur et celles des autres chercheurs, 


les travaux de Kelemen ont le mérite d'envisager les phénomeéncs inflammatoires sous un aspect 


biochimique et ph ypathologique nouveau qu'il ne faudra plus, désormais, méconnaitre. Il faut 
cependant regretter que l ‘auteur ait adopté une présentation trop analytique de ses recherches, laissant 


ainsi au lecteur le soin d'un eflort de synthese parfors malaise 


J. LecomTt 


E. Gurr: Encyclopaedia of Microscopic Stains. Williams & Wilkins, Baltimore, Maryland, 1960 
498 pp Sik. SO 
Ripinc the crest of t resent popular wave of books devoted to methodology comes this one which 
iS an “encyclopacdia ves mine) of staims ar lye stuffs used in histological practice. The book is 
adequate in relatior tended purposes—a reference and laboratory guide on the application, 
Structure, Composi ecular weights and properties of a large number of dyes and other 
reagents used .n m! nic anatomy. However, the position of the reviewer is that of one who feels 
mundated by the v ng reaction 

As a laboratory gu cr already t many books currently available that surpass it About 
one-half of the space of the book is devoted to formulac ind reagents. These can be found 
elsewhere. And as c rns the interest and importance of structural formulae to the morphologically 
schooled audience f i ntended, unfortunate as it may be, this score is almost zero. Is the 
book a catalog for t < Laboratories? All of the dyes and reagents except a very few like 
iodine are given a chro nun ind only in a few cases are adequate synonyms given for the 
names of dyes. D e listed phabetically instead of being classified by chemical structure 
Diazonium salts are primarily by Michrome number; synonyms and formula are given secon- 


darily. Like the dy« ave no Michrome number, other diazotates are not worthy of listing 


Tetrazolium salts at dequately handled: only three a1 d and these do not include Nitro 
B I the most usel ) ul one. Shall | go on ‘ yor ys your money and you takes your 


} 


Russect J. BARRNETT 


M. Sracey and S. A. Barker: Polysaccharides of Micro-organisms. Clarendon Press, Oxford, 1960, 


ix 228 pp 


THE increasing importance attributed to polysaccharides in various fields of microbiology fully 
justifies the publicat of a book gathering and co-ordinating the available information on those 
substances which, at the present time, is widely scattered in a large number of scientific journals 
Stacey and Barker's book, a concise compendium of our knowledge of microbial polysaccharides, 
written by fully competent chemists whose personal researches have substantially added to that 
knowledge will therefore be welcomed by all microbiologists, although it cannot be expected to 
include the latest developments of a rapidly growing field of investigation 

The first five chapters deal adequately, albeit summarily, with general properties: nomenclature of 
carbohydrates, components of polysaccharides and biosynthesis, functions of polysaccharides, 


methods for isolation and, finally, for structural determination of polysaccharides 
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The last seven chapters are devoted to a detailed study of the polysaccharides produced by various 
groups of micro-organisms: Rickettsiae and viruses, Gram-negative bacteria. Gram-positive bacteria, 
higher bacteria, moulds, yeasts and yeast-like fungi, Protozoa. They give, in a condensed form. a 
large amount of valuable chemical and physical data with full reference to original papers and will, 
therefore, be a very useful source of information for the specialist. So will be Appendix I which lists 
the physical constants of the monosaccharide constituents of microbial polysaccharides. A well 
prepared subject index makes the book easy to consult 

The reviewer feels less happy about some statements that are. however, of a microbiological rather 
than of a biochemical nature. For example. he cannot agree that: “generally speaking Gram-negatives 
produce highly potent immunizing fractions and are resistant to many antibiotics while Gram- 
positives produce relatively transient immunizing fractions and are highly susceptible to antibiotics” 
(p. 23), or that: “In some Gram-positive cocci (e.g. Pneumnococci) deoxyribonucleic acid is a surface 

‘ 


(reviewer's italics) component playing a highly important role in specific polysaccharide synthesis” 


(p. 23). He also believes that it cannot be stated as a general rule that: * rhe presence of a capsule is 


one of the conditions for the virulence of a cell” (p. 24) 


M. WELSCH 
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Papers to be published in future publications 


Parott and P. Meccniorri: Urinary excretions of hydroxysteroids 17-ketosteroids and 
aldosterone in rats during a cycle of treatment with morphine 

E. Paro and P. Meccuiorret: Inhibitory effects of morphine on metabolism of adrenal and testicular 
steroids 

P. ALEXANDER and Z. B. Mikutski: Differences in the response of leukaemia cells in tissue culture 
to nitrogen mustard and to dimethyl myleran 

J. D. Gasouret: Anticonvulsant properties of diacetylmonoxime (DAM) 

Tipor ZSOLNAI: Versuche zur Entdeckung never Fungistatika—lII. Nitro-verbindungen 

E. Buepinc, E. Kmereck, C. Swarrzwecper, S. Asante and H. J. Saz: Biochemical effects of 
dithiaznine on the canine whipworm, Trichuris vulpis 

J. Lecomte and E. ScHorreneits: Action du 2-PAM et des inhibiteurs de lacetylcholinesterase sur le 
choc anaphylactique du lapin 

D. P. WALLACH: Studies on the GABA pathway—l. The inhibition of gamma aminobutyric acid 
alpha ketoglutaric acid transaminase in vitro and in vive by U-7524 

J. E. Casipa: Specificity of substituted-pheny!l phosphorus compounds for esterase inhibition in 
muiuce 

THomas H. Maren, Berrie Rosinson, RoGer PALMeR and Mary E. Grirrirn: The binding of 
aromatic sulfonamides to erythrocytes 

Rosert C. Woop, Rosert Ferone and GeorGe H. Hircuinas: The relationship of cellular permea- 
bility to the degree of inhibition by amethopterin and pyrimethamine in several species of 
bacteria 

KENNETH E. Moore and THEeopore M. Bropy: The effect of tricthyltin on oxidative phosphorylation 
and mitochondrial adenosine triphosphatase activation 

KENNETH E. Moore and THEopore M. Bropy: The effect of triethyltin on mitochondrial swelling 

Kart A. SCHELLENBERG and G. Rosert Coatney: The influence of antimalarial drugs on nucleic 
acid synthesis in Plasmodium gallinaceum and Plasmodium berghei 

E. D. Wits: Effect of unsaturated fatty acids and their peroxides on enzymes 

Henry G. MAUTNER and JULIAN J. Jarre: 6-Selenoguanine (2-amino-6-selenopurine). Synthesis and 
biological studies 

PauL Buvors and Harris Buscnu: Effect of 5-bis (2-chlorethyl) aminouracil on incorporation of 
uracil-2-""C into RNA of tumour-bearing rats 

A. CHARI-BiTRON: A study of the toxicity and the biochemical effects of monofluoromalonate 

HENRIK WALLGREN: Effects of acetylcholine analogues and ethanol on the resaration of brain cortex 
tissue in vilro 

W. N. ALpripGe and J. M. Barnes: Neurotoxic and biochemical properties of some tri-aryl phos- 
phates 

J. J. Roperts and G. P. Warwick: The mode of action of alkylating agents—II. Studies of the 
metabolism of myleran. The reaction of myleran with some naturally occurring thiols in vitro 
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DIFFERENCES IN THE RESPONSE OF LEUKAEMIA 
CELLS IN TISSUE CULTURE TO NITROGEN 
MUSTARD AND TO DIMETHYL MYLERAN 


P. ALEXANDER and Z. B. MIKULSKI 


Chester Beatty Research Institute, Institute of Cancer Research: 
Royal Cancer Hospital, London, S.W.3. 


(Received 25 June 1960, in revised form 20 July 1960) 


Abstract—Two chemically different types of biologically active (radiomimetic) 
alkylating agents, i.e. nitrogen mustard (HN2) and dimethyl myleran, are shown to 
produce very different patterns of response in leukaemia cells grown as isolated cells 
in tissue culture. HN2 immediately stops division, while following dimethy! myleran 
the cells divide at least once before growth stops. The appearance of the cells is also 
different as is the shape of the curve relating dose with survival (i.e. ability to proliferate 
indefinitely). For HN2 the relationship between log survivors and dose is nearly linear, 
whereas with dimethyl myleran there is a marked threshold. It is suggested that the 
initial chemical reactions that are responsible for these effects on growth are different 
possibly because different sites are alkylated. The effects of dimethyl] myleran simulate 


more closely those of X-rays than do those of HN2. 


THE radiomimetic activity (i.e. the ability to act as a mutagen and carcinogen, to 
inhibit cell division, to kill lymphocytes and to cause chromosomal aberrations by 


acting on the cell during interphase) of the mustards, ethyleneimines, epoxides and 


esters of methane sulphonic acid is undoubtedly associated with their ability to alkylate, 
under physiological conditions, molecules within the cell.'! There are however, many 
sites available for alkylation and it is possible that different alkylating agents may 
show a different pattern of reaction and the biological effects they produce will not be 
identical. The striking similarity in the biological end-effects made it tempting to 
postulate an identical mechanism at the cellular level for all these substances and to 
ascribe differences in their effects in mammalian systems to processes of transport and 
distribution.*» * On the other hand, Elson* has consistently advocated that the 
differences in the blood picture seen after exposure to myleran and nitrogen mustard 
indicated a difference in mechanism at the cellular level and this view found support 
in a quantitative study of the bone-marrow® of treated rats. Alexander and Lett® 
were led to the same conclusion from biochemical investigations on the effect of these 
two types of alkylating agents. 

In the present investigation the effect of HN2, (CH,N.(CH.CH.Cl),), and di- 
methyl myleran, (CH,SO,.0.CH(CH,).CH,.CH,.CH(CH,).O0.SO,.CH,), was 
studied on the multiplication of mouse leukaemia cells growing as isolated cells in 
tissue culture.’ Dimethyl myleran was chosen instead of myleran, (CH,.SO,.O0.(CH,),. 
O.SO,CH;), because its rate of reaction is much greater and its half life under 
physiological conditions is 37 min* as opposed to many hours for myleran.* In its 


* A direct comparison is not possible since dimethyl myleran reacts by an SN1 mechanism, so 
that its rate of disappearance by alkylation or hydrolysis is independent of the presence of dissolved 
substances, while myleran reacts by an SN2 mechanism when the rate depends on the amount of 
alkylatable substrate present.! 
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biological effects dimethyl myleran is extremely similar to myleran® and shows the 
same selectivity for myeloid cells that distinguishes the latter from mustards. The 
half-life of HN2 in the tissue culture medium is less than } hr. The rapid action of 


these substances ensures that the time of treatment of the cells (i.e. the time they are 


exposed to alkylation) is relatively short and eliminates the need to wash the cells 


free from reagent 


EXPERIMENTAI 


strain specific to DBA/2 mice (originating as a cloned 
form of L 5178 supplied by L. W. Law of the National Cancer 


Growth f leukaemia cells in culture containing different quantities of HN2 
N.(CH,CH.A The concentrations are in pe HN2 ml The dotted line shows the method of 


of cells of the original inoculum that retain capacity for indefinite proliferation 


Institute, Bethesda) were grown in the medium and by the techniques developed by 
Fischer.** The cells were periodically transplanted into mice to ensure that they 
retained their strain specificity. In culture, they grow almost wholly as near diploid 
cells with a generation-time that varied from 12 to 18 hr, depending on the batch of 
medium. 

In most of our experiments an initial inoculum of from 2 to 10 « 10* cells/ml were 
used. The culture was diluted when the population approached 10° ml. Figs. 1 and 2 


* We are greatly indebted to Dr. G. A. Fischer of the Department of Pharmacology, Yale University 
School of Medicine, for giving us a culture and for much help 
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Differences in the response of leukaemia cells in tissue culture 


show that the rate of growth of the untreated cultures is accurately logarthmic. Cells 
were counted in a haemocytometer. The distribution of cell sizes was determined 
with a “Coulter Counter” in which changes in electrical resistance are used to count 
and to size particles in suspension 


RESULTS 


Growth curves 


Comparison of Figs. | and 2 shows a most striking difference between the action 


of these two cytotoxic agents. HN2 stops cell division immediately. Microscopic 


examination of the culture in the first 24 hr fails to reveal any cell degeneration and the 


constancy of the cell numbers can therefore be attributed to cessation of division and 
is not due to compensation of reproduction and distribution. After 40 hr cell degenera- 


tion is seen and the cell count now represents a balance between degeneration and 


production of new cells. With dimethyl myleran, even with very substantial doses, at 


least one division occurs before growth ceases in the cultures. With low doses of 


dimethyl myleran, the rate of cell division is initially slowed down to a small extent 


FiG. 2. Growth of leukaemia cells in tissue culture containing different quantities of dimethyl myleran 


(CH,.SO,.0.CH(CH,).(CH,)..CH(CH,).O.S¢ ),.CH;). The concentrations are in «g/ml. 


only, so that there is almost no difference between the treated and the control cultures 
after 18 hr. Only on the second day can the effect of the cytotoxic agent be observed 


in that no further increase in cell numbers occurs and grossly abnormal cells are 
seen. With higher doses of dimethyl myleran the mitotic rate is reduced immediately, 


but the cells still divide at least once and abnormal cells are only seen after the initial 
population has doubled. 

Following this initial period of growth, cell degeneration occurs and fragmentation 
is Obvious after 40 hr. The actual cell count is then approximately constant (see Fig. 2), 
but after this a new population of cells makes its appearance and cell numbers increase 


at the same rate as with the controls. This, apparently stationary, phase also occurs 
after treatment with HN2, but in this case it sets in immediately after treatment. The 
exact time sequence depends on the dose of cytotoxic agent that is used. 


277 
‘ 
4 
4 all 3 
r 
960 / 
t / 
«i 
o 2 8 20 140 160 180 


278 P. ALEXANDER and Z. B. MIKULSK! 


Dose-response relationship 

The new population of cells arises, we assume, from those cells that were not 
damaged by treatment with the alkylating agents. The number of these so-called 
survivors can be obtained by extrapolating the growth curves of the new population 
to zero-time (see dotted lines in Fig. 1). 

This method of determining the fraction of the original population which has been 
damaged in such a way that it does not give rise to fully viable daughter cells is open 
to criticism on the grounds that the drugs may induce a temporary mitotic arrest 
from which the cells recover completely. If this occurs then the percentage of cells 
that have lost their capacity to multiply indefinitely, would be less than the value 


\\ 


\\ 


¢. percentage of ce n original inoculum 


nitration of alkylating agents added to the tissue 


mum 


culture mec 
calculated by the extrapolation technique. We feel, however. that this objection is 
not valid, since small doses of dimethyl myleran cause almost no immediate reduction 
in the rate of cell division, although more than 50 per cent of the cells can be seen to 
be abnormal at 48 hr after treatment. These lymphoblasts would appear to be relatively 
resistant to the induction of mitotic delay which seems to occur only after sufficient 
damage has been done to render the cell incapable of repeated cell division 
Fig. 3 shows the dose-response curve determined by the extrapolation technique. 
Again, there is a qualitative difference between the two alkylating agents. The curve 
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of log survivors against dose is almost linear for HN2 and there is only a barely 
perceptible threshold. If one cared to express this curve according to “target theory” 


it would be 1-3 hit. However, this close approximation to a single hit inactivation 


curve cannot be interpreted along the line that one target molecule has to be 
inactivated.!° 


Fic. 4. Size distribution of leukaemia cells following treatment with dimethyl myleran and HN2. 

From a practical point of view this type of dose-response curve indicates that the 
dose of HN2 needed to eradicate leukaemia in vivo (i.e. the dose needed to prevent 
every cell from proliferating) will depend on the number of cells present in the animal. 

With dimethyl myleran the graph of the logarithm of survivors against dose is far 
from linear and shows a pronounced threshold (in the terminology of the target 
theory it would be 3-5 hit). In this respect dimethyl myleran shows a more typical 
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pharmacological! response. Inspection of Fig. 3 shows that a value for the relative 


effectiveness of the two agents on a weight-basis depends on the level of cell “killing” 


it which the comparison is made. The difference in lethality is much greater at higher 


levels of survival 


uted cells 
dimethyl myleran appear quite normal under the microscope 
ded at least once, when some of them turn into giant cells similar 
d by Puck and Marcus" in Hela cell cultures that have been irradiated 
he nucleus and cytoplasm increase in diameter to more than 


couble to give ce having ten to fifty times the volume of the untreated. However. 


300 r of X-rays (220 kpV, 270 r/min) on the growth of a suspension of 
sure that the suspension was not depleted of oxygen, an inoculum from a 


suspension was added to fresh medium immediately before irradiation.) 


by no means all the cells that are “killed” turn into giants; 20 ~g/ml gives rise to less 
than I5 per cent giants even though 95 per cent of the cells are killed. These giant 
cells are very fragile and degenerate after a few days 
After treatment with HN2, the cells already show abnormal features after 24 hr 

im particular, the appearance of dark granules. The cell size increases after division 
has been stopped but the giant cells typical of dimethyl myleran are not seen. The 
HN2 cells degenerate more quickly and at all times the cells look quite different from 
those treated with dimethyl myleran. The immediate cessation of cell division by 
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HN2 would also not appear to be due to interference with DNA synthesis as this 
continues apparently normally for almost a day. Detailed biochemical in, estigations 
are now being made on the cells treated with these two alkylating agents 

Using the “Coulter Counter”. changes in the size distribution following treatment 
can be seen (see Fig. 4). After 18 hr the volume of the HN2 treated cells is more than 
doubled and only 20 per cent of the cells are within the size range of the control 
cells. At later periods, fragments appear from degenerating cells but the size of the 
cells does not increase further 

With dimethyl myleran, a change in the size distribution is seen after 18 hr thougl 
to a much less extent. After 40 hr the distribution moves further to the right, but it 
does not peak at a high value as with HN2. A small tail of giant cells which are notice- 


able under the microscope become detectable in the “Coulter Counter” after 40 hr 


DISCUSSION 


In its effect on the rate of cell division for these leukaemia cells dimethyl myleran 
is truly radiomimetic. With doses of X-rays up to 300 r—when 90 per cent of the cells 


are prevented from indefinite multiplication—growth in the culture only stops after 
the population has doubled (see Fig. 5).!* The shape of the dose response curve and 


the appearance of the pathological cells under the microscope is also extremely similar 
for dimethyl myleran and for X-rays." The changes produced by HN2, on the other 
hand, are entirely different. It causes immediate cessation of cell division only seen 
after more than 2000 r, but even then the cells differ in appearance from those exposed 
to radiation, which even at these doses leads to the formation of giants. 

After treatment with a nitrogen mustard, changes have been detected in the DNA 
of a variety of cells. * " which suggest that different DNA molecules have been 
joined together (cross-linked) by alkylation through the two centres present in the 
mustard molecule. It seems plausible that cross-linking of this kind will prevent cell 
division and that it is this reaction which is responsible for the immediate inhibition 
of growth. Dimethyl myleran has also been shown to cross-link the DNA within the 
nucleus,’* but only at extremely high doses. For this reason Alexander and Lett® 
were led to suggest that at the chemical level the mode of action of the myleran type 
of compounds might be different from that of the mustards. Perhaps alkylation of a 
site other than the DNA is responsible and acid groups in internal cell barriers have 
been proposed.* 

It is not clear whether the delay that is seen after treatment with dimethyl myleran 
is due to the fact that a cell division is necessary before the injury manifests itself 
e.g. by chromosome deletion effects’ or whether metabolism alone is sufficient to 
develop the injury 
icknowledgements—This investigation has been supported by grants to the Chester Beatts Research 
Institute (Institute of Cancer Research: Royal Cancer Hospital), from the Medical Research Council. 
the British Empire Cancer Campaign, the Jane Coffin Childs Memorial Fund for Medical Research, 


the Anna Fuller Fund, and the National Cancer Institute of the National Institutes of Health, U.S, 
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ANTICONVULSANT PROPERTIES OF 
DIACETYLMONOXIME (DAM) 


JOHN D. GABOUREI 


Department of Pharmacology, Stanford University School of Medicine, 
Palo Alto, Calif 


(Received 23 June 1960) 


Abstract—Both diacetylmonoxime and hydroxylamine protect mice against the lethal 


effects of pentylenetetrazol (Metrazol); neither compound protects against the lethal 


effects of thiosemicarbazide. Hydroxylamine elevates the levels of y-aminobutyric 


acid (GABA) in rats, while diacetylmonoxime does not. Neither compound elevates 


brain GABA levels in mice at anticonvulsant doses. The causal relationship between 


brain GABA levels and seizures is questioned 


RECENTLY two reports have appeared which demonstrate the ability of hydroxylamine 
(NH,OH) to elevate the level of y-aminobutyric acid (GABA) in rat brain! and the 


anticonvulsant properties of NH,OH and elevation of cerebral GABA in cats.* 


The authors postulated that the anticonvulsant properties of NH,OH are due to 
its ability to inhibit selectively vitamin B,-dependent GABA-a-ketoglutaric acid 
transaminase (the enzyme presumed to be responsible for the metabolic utilization 


of GABA in brain), thereby increasing the level of brain GABA. The toxic properties 


of NH,OH !:? make it improbable that this compound could be used therapeutically 


for treatment of convulsant disorders. In view of these facts, attention was focused 


on several analogs of NH,OH developed as cholinesterase reactivators. Diacetyl- 


monoxime (DAM) was chosen from among these compounds because it is known to 


penetrate the blood brain barrier.* The following exchange reaction, well known to 


organic chemists,* 


O N—OH N—OH O 


indicates that DAM might inactivate vitamin B, in a manner similar to NH,OH. 
In addition, the toxicity of DAM in man has been studied by Jager and Stagg,® who 
reported that 30 mg of DAM per kg, given intravenously, produces transient coma. 
rhis report presents data obtained in preliminary experiments testing the effectiveness 
of DAM against convulsions in mice and rats caused by pentylenetetrazol (Metrazol) 
and thiosemicarbazide (TSC). Data on brain GABA levels, after treatment with DAM 
and NH,OH, are also presented. 


METHODS AND MATERIALS 
White mice of the Swiss Webster strain weighing 23-28 g and Wistar rats weighing 
150-280 g were used. DAM and NH,OH hydrochlorides were used as obtained from 


Distillation Products, Inc. DAM was dissolved in distilled water and adjusted to pH 7; 
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NH,OH was dissolved in distilled water and adjusted to pH 7-4. Metrazol solution 
(Ol g/ml), as obtained from Knoll Laboratories, Orange, N.J., was diluted with 
saline. TSC, obtained from Aldrich Chemical Co., Milwaukee, Wis. was dissolved 
in saline 


Estimation of brain GABA was carried out by excising brains at various times 
after administration of DAM, NH.OH or saline. The weighed brains were extracted 
with hot 95°, ethanol and the extract was evaporated to dryness. The resulting material 


was taken up in a known volume of distilled water and an aliquot spotted for 


chromatography. One-dimensional chromatography was carried out in a phenol- 


water solvent.* A solution of 0-4°, ninhydrin, 10°, isopropanol and 5°. collidine 


in water was used for color development.’ Color was extracted from the paper with 
hot water and the optical density determined at 570 mu. Reco ery (94-108 per cent) 
of known amounts of GABA added to brain was achieved routinely. 


RESULTS 
Vice 


DAM (400 mg/kg)* given intraperitoneally protected mice from the lethal effects 


of Metrazol (Table 1). This dose of DAM produced transient ataxia in most mice 


TABLE |. PROTECTION OF MICE AND RATS FROM CONVULSIVE AGENTS 


Protective 
agent Species Delay Convulsant Fraction 
(mg kg) min (mg/kg) surviving 


Saline Mouse 15 Metrazol (100) 2/31 
DAM(400) Metrazol (100) 18/19* 
Saline TSC(20) 0/10 
DAM (400) TSC(20) 010 
Saline 60 Metrazol (100) 3/32 
NH,OH(32) Metrazol( 100) 16/32* 
Saline TSC(20) 0.10 
NH,OH(32) TSC(20) 0/10 


Saline Rats 15 Metrazol( 150) 0/10 


DAM(300) Metrazol( 150) 8 10* 
Saline 60 Metrazol(200) 0/10 
DAM(300) Metrazol(200) 6 10* 
Saline Metrazol(200) O8 
NH,OH(32) Metrazol(200) 1/8 

Saline 90 Metrazol( 100) 10 


NH,OH(32) Metrazol( 100) 8* 


Doses of DAM and NH,OH were calculated as free base. DAM 
and NH,OH were given intraperitoneally while Metrazol was given 


subcutaneously. “Delay” represents the time-interval between the doses 
of the protective agent and the convulsant. The fraction surviving was 
determined after 24 hr for mice and after one hour for rats. All saline- 
treated animals that died after injection with Metrazol did so within 
30 min 


* Significantly different from control at P = 0-05 level (Chi square) 


immediately after injection; however, all mice appeared to recover and showed 
normal behavior by the time Metrazol was administered 15 min later. Metrazol 


produced only slight tremors and a few minor clonic convulsions in DAM-treated 


animals, whereas all mice given saline had repetitive clonic convulsions and usually 


* Higher doses of DAM (800 mg/kg) produced a comatose state which lasted about one hour; all 
mice tested fully recovered from such treatment 


a 
4 
4 # 
c 
4 1 96¢ 
A = 
4 
4 


Anticonvulsant properties of diacetylmonoxime (DAM) 285 


expired within 5-20 min after injection with Metrazol. NH,OH (32 mg/kg), given 
intraperitoneally, also protected mice from the lethal effects of Metrazol. Neither 
DAM nor NH,OH protected mice from the convulsions and lethal effects of TSC 
(Table 1). 

No significant difference in brain GABA levels between saline-treated or DAM- 
treated mice was noted in animals sacrificed 30 min, | hr, 3 hr and 6 hr, respectively, 
after injection (Table 2). In doses which gave protection from Metrazol convulsions 
NH.OH also failed to raise brain GABA levels in mice (Tables | and 2). 


Rats 

Both DAM and NH,OH protected rats from the convulsions and lethal effects of 
Metrazol (Table 1). All rats pretreated with saline convulsed with the doses of Metrazol 
used. Only 2 of the 10 rats pretreated with DAM and | of the 8 pretreated with 
NH,OH convulsed with similar doses of Metrazol. Baxter and Roberts* have also 
reported protection in rats given NH,OH. 

In contrast to data obtained in mice, anticonvulsant doses of NH,OH elevated 
brain GABA levels in rats; at doses which gave equal or better protection, DAM had 


no such effect (Table 2). 


TABLE 2. BRAIN GABA LEVELS 


Protector Time Species Brain GABA* 
(mg/kg) hr after injection (number) pumoles/g 


0-055 
0-066 
0-21 
0-14 
0-20 
0-22 
0:26 
0:24 
0-16 
0-12 


Saline 0-5 Mice (8) 
DAM(400) 0-5 
Saline 
DAM(400) 
Saline 
DAM(400) 
Saline 
DAM(400) 
Saline (12) 
NH,OH(32) 


~ 


5 
2 
5 


0-14 
0-08 
0-03 
0-18* 


Saline Rats (5) 
DAM(300) 
Saline ‘ (4) 
NH,OH(35) 


oo 


Dosage and routes of administration were the same as those given in 
Table | 


* Mean value s.¢ 
+ Significantly different from control at P = 0-05 level (/-test) 


DISCUSSION 


DAM appears to have much in common with NH,OH. Both compounds are 
carbonyl trapping agents; both protect mice against Metrazol convulsions without 
elevating brain GABA levels; and neither compound is capable of protecting mice 
from the lethal effects of TSC. These findings are consistent with the hypothesis that 
the two drugs produce their protective effects through similar mechanisms. Only 
NH.OH is capable of elevating brain GABA levels in the rat, a fact which may have 
nothing to do with its protective effect. 
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The case for a causal relationship between brain GABA levels and seizures is 
currently being questioned. Results reported here, which show that NH,OH and 
DAM do not elevate brain GABA levels in mice at doses which give good 


protection from lethal convulsions of Metrazol, indicate that GABA is not necessarily 


involved in the protective action of these drugs. In addition, recent results of Baxter 
and Roberts® show that thiosemicarbazide is capable of eliciting convulsions in rats 
at a time when brain GABA levels are still elevated from prior injection of NH,OH. 
Further, Kessel'® has reported that L-2,4-diaminobutyric acid elevates mouse brain 
GABA levels 2- to 3-fold, coincident with the occurrence of seizures. These findings 
have been confirmed by McKhann er a/."! 

DAM has been used in the treatment of anticholinesterase poisoning because of its 
ability to reactivate cholinesterase. It may also exert protective effects through an 
added anticonvulsant activity as well. The relationship between the anticonvulsant 


activity of DAM and its ability to reactivate cholinesterase is not clear 
hor expresses his gratitude to Ester L. Bugna for technical assistance 
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Abstract—The fungical action of 184 nitrogen compounds has been studied. both in 


> 


10 beef serum containing dissolved mash-agar-culture medium, and in 3 ° agar 
containing solid mash-—agar-culture medium. The reaction mechanism under these 
conditions has been studied for those compounds which proved to be most active 
Attempts were made to relate chemical structure to fungical activity, and to reaction 


mechanism, for this group of compounds. 


IN UNSERER friiheren Mitteilung haben wir iiber die Ergebnisse berichtet, die wir bei 
der Untersuchung der in vitro ausgeiibten fungistatischen Wirkung verschiedener 
substituierter Phenole und Phenol-iither, sowie beim Studieren ihres fungistatischen 
Wirkungsmechanismus erreicht hatten.! 

In dieser Mitteilung beschiftigen wir uns mit der fungistatischen Wirkung der ein 
oder zwei Nitro-Gruppen enthaltenden, aliphatischen, aromatischen und _hetero- 
zyklischen Verbindungen und auch mit ihrem biochemischen Wirkungsmechanismus. 

Vor uns haben auch schon andere Verfasser die fungistatische Wirkung ecinzelner 
Nitro-Verbindungen studiert und eine fungistatische Wirkung von bedeutendem 
Grade bei einer Reihe von Verbindungen festgestellt: wie bei dem Trijod-nitro-ithylen 
und symm. dem Trichlor-nitro-methan.*? den 4-Nitro-5- 


phenyl-cyklohexenen,* dem w-Nitro-styrol und dessen verschiedenen Derivaten.‘ 


bei dem dem o-Nitro- 
benzaldehyd,* dem N-(p-Chlor-phenyl)-o-nitro-benzamid und dessen N-Methyl- 
Derivat,'® bei den Mono- und Polyhalogen-Derivaten des Nitro-benzols."': = den 
substituierten und unsubstituierten Dinitro-benzolen,'®: bei zahlreichen Nitro- und 
Dinitro-phenol-Derivaten,*: Nitro-anilinen,”? den 2-substituierten Derivaten 
des 5-Nitro-furans und 5-Nitro-thiophens*'~** und endlich bei dem 2 : 5-Dichlor- 
3 : 4-dinitro-thiophen.** 

Die Untersuchungen dieser Verfasser haben sich jedoch im allgemeinen auf eine 
gréssere Anzahl von Verbindungen dieser Gruppe nicht ausgedehnt, so kann man 
daraus in Bezug auf die Abhiingigkeit der fungistatischen Wirkung von der chemischen 
Struktur im Reiche der Nitro-Verbindungen noch keine Schliisse ziehen. 

Als Zielsetzung unserer Forschungen galt diesmal: einerseits, die in vitro ausgeiibte 
fungistatische Wirkung einer verhiltnismassig grossen Anzahl von Nitro-Verbindungen 
sowohl auf fliissigem als auch auf festem Nahrboden festzustellen, miteinander zu 
vergleichen, die etwa bestehenden Zusammenhinge zwischen chemischer Struktur 
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und fungistatischer Wirkung in dieser Verbindungsreihe zu erkennen: andererseits 


aber: den Wirkungsmechanismus der im Laufe der Untersuchungen fungistatisch 


am intensivsten wirkenden Nitro-Verbindungen zu bestimmen und dadurch 


theoretische Anhaltspunkte zur Synthese weiterer wirksamer Verbindungen von 


ihnlichem Typus zu gewinnen 

Die Mehrheit der von uns untersuchten Nitro-Verbindungen haben wir gemiiss 
den Methoden der chemischen Fachliteratur selbst hergestellt, der iibrige geringere 
fei! stand uns in der Form von Handelsprodukten in “pro analysi” Qualitit zur 


Ve MLUTLL 


Untersuchung der fungistatischen Wirkung sowie des 


biochemischen Wirh ssmechanismus der Nitro-Verbindungen verfolgten Methoden 
waren mit denen, d dem ersten Teil unserer Mitteilungsserie bereits beschrieben 
wurd ganz ubereinstimmend, deshalb wollen wir hier auf diese nicht mehr ein- 
gchen. Es soll diesmal nur erwihnt werden, dass wir auch zu diesen Untersuchungen 

wie auch fiir unse fruheren Forschungen beziglich der fungistatischen Wirkung 
der Phenole-Derivat llissigen Maische-Nadhrboden mit 10 Rinderserum-Gehalt 


Maische-Agar-Nahrboden verwendet haben 
fur Untersuchung des Wirkungsmechanismus haben wir ausserdem auch noch 


erschiedene Zusitze enthaltende fliissige, bzw. feste Maische-Agar-Nahrbéden 
angewandt. Das pH der Kulturmedien betrug 6,0-6,2 


ERGEBNISSI 
Die bei der Untersuchung der fungistatischen Wirkung der Nitro-\V erbindungen 


erhaltenen Resultate sind in den Tabellen 1, 2 und 3 zusammengefasst 


UNTERSUCHUNGEN UBER DEN WIRKUNGSMECHANISMUS 
DER NITRO-VERBINDUNGEN 


Beim Uberblick der bei der Untersuchung der fungistatischen Wirkung der Nitro- 


Verbindungen erhaltenen Ergebnisse kann man feststellen, dass die am intensivsten 
wirkenden Verbindungen dieser Gruppe folgende strukturelle Eigenschaften auf- 
wersen 
(1) Zu demselben Kohlenstoff-Atom, woran die Nitro-Gruppe gebunden ist 
schhiessen sich auch noch ein oder mehrere Halogenatome an (z.B. in den Verbindungen 
von Nr. F/267, 268. 273. 275. 283. 284) 

(2) Die Nitro-Gruppe schliesst sich an irgendein Kohlenstoff-Atom doppelter 
Bindung cines ungesittigten araliphatischen Kohlenwasserstoffes an (7.B. in den 
Verbindungen von Nr. F 277, 281 und 282) 

(3) In einem Benzol-Ring sind zwei Nitro-Gruppen in Verhiltnis zucinander in 
Meta-Stellung anwesend (z.B. in den Verbindungen von Nr. F/290, 291, 292. 294. 
315) 

(4) Eine Nitro-Gruppe ist in den Benzyl-halogeniden in Verhdltnis zur Gruppe 

CH,—X in Ortho-Stellung anwesend (wie z.B. in den Verbindungen von Nr. F/316 
und F 317) 


(5) In Phenol-Derivaten sind in der im Verhiltnis zu dem phenolischen Hydroxyl- 


Radikal gestellten o-. m- oder p-Stellung cin bzw. zwei Nitro-Gruppen und dabei 
vielleicht noch gelegentlich zugleich ein oder mehrere Alkyl-Substituenten oder 
Halogenatome anwesend (z.B. in den Verbindungen von Nr. F/325, 326, 328. 334. 


5, 336, 3: 351, 352, 356) 
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eines Mechanismus von Substitutions- oder Additions-Charakter zu 


geringerem Mass¢ 
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(6) In den p-substituierten Anilinen ist in der o-Stellung zum NH,-Radikal eine 
NO,-Gruppe enthalten (z.B. in den Verbindungen von Nr. F/402, 403 und 404) 


Diejenige Verbindungen, die iiber die in Punkten (1), (2) und (4), angefiihrten 


Strukturelemente verfiigen, sind infolge der elektrophylen Eigenschaft der in ihrem 


Molekil anwesenden Nitro-Gruppe in bedeutendem Masse reaktionsfihig, deshalb 


kOnnen sie mit verscl 


iedenen organischen Radikalen, wie z.B. auch mit HS-Gruppen, 


sehr leicht reagieren 
So scheint die Voraussetzung auf der Hand zu liegen, dass diese Verbindungen 
ihre fungistatische Wirkung durch die Hemmung der Sulfhydryl-Enzyme ausiiben, 


welche zum intermediiiren Stoffwechsel und zur Vermehrung der Pilz-Zellen uner- 


lasslich notwendig sind. Zur tatsiichlichen Unterstiitzung dieser Annahme haben 


wir die auf das Pe wm simplicissimum und 


Saccharomyces cerevisiae ausgeiibte 
fungistatische Wi 


ing der be: unseren auf fliissigem Na&hrboden ausgefiihrten Unter- 
suchungen besonders wirksam erwiesenen Nitro-Verbindungen auch auf solchem 
Maische-Agar-Nihrboden untersucht, welcher 0.3 


Na-Thioglycolat oder 0,3 
Cystein-hydrochlorid enthielt (pH 6.2). Die Methode. die wit 
suchungen auf festem Nihrboden mit Cystein-! 

dieselbe, wie diejenige, welche bei unseren Untersuchungen auf 


emfachem Maische-Agar ohne solche Zusiitze angewandt wurde 


be: diesen Unter- 
iwdrochlorid oder Na-Thioglvcolat 


Indem die ; ystein-hydrochlorid oder Na-Thioglycolat enthaltendem 
Nihrboden ; cudte Tungistat 


hall 


lesiem 
sche Wirkung der untersuchten Nitro-Verbindung 

liese Wirkung ohne solchen Zusiitze auf normalem 
aul Cystein-hydrochlorid und Na-Thioglycolat enthaltendem 


Nihrboden bleibt sie méglicherweise vollkommen wirkungslos. 


n Zeit auf normalem festem Nihrboden fungistatisch wirksam 


es fur bestitigt gelten, dass die Nitro-Verbindung mit 
nden Verbindungen 


ndeine Weise reagicren kann. Dadurch wird unsere 


unter den angewandten experi- 


wenn auch nicht zweifellos bestitiet—dass 


Vermehrung der Pilz-Zellen unerlisslich 
iliche Weise reagieren kann. wodurch 


Inaktivierung dieser Enzyme wird dann die Fungistase 


nen vielleicht zur Klérung der Frage beitragen, ob in 

ingsmechanismus einer Verbindung die durch sie eventuell 

irsachte Inakt rung der Sulthydryl-Enzyme der Pilz-Zellen mitwirken kann 
nicht 


Die Verbindungen mit den unter (3), (5) und (6) angefiihrten Strukturelementen 
ry) 


} Ausnahme de 4-Dinitro-chlor-benzols (F/315)—sind 


Kenninisse unfiihig mit Sulfhydryl-Gruppen enthaltenden Verbindungen auf Grund 


laut unserer heutigen 


reagieren 


n Gegensatz zu den angefiihrten Verbindungstypen unter 1, 2 und 3—es kénnen 


ter diesen, abhiingig von den Umstiinden in héherem oder 


xidierend auf sie cinwirken, wobei ihre Sulfhydryl-Gruppe sich 
n eine Disulfid-Gruppe umwandelt 


R—NO 2HS-—R H.O R--NO R—S—S—R 


a = 
a 
196) 
wesentiich medriget 
Maische-Agar) odet 
estem Maische-A gar- 
secin iT dk ille Kil 
den Sullhvds ppe entha 
die Detretlendk dung mit emzeinen. zu 
otwendigen Su dryl-Enzymen auch auf 
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Zur Erkliirung der Frage, ob die auf dic Sulfhydryl-Enzyme der Pilz-Zellen ausgeiibte 
etwaige oxidierende Wirkung in dem Wirkungsmechanismus dieser Verbindungen 


mitwirken kann, haben wir auch die Beeinflussung deren fungistatischen Wirkung 


7 infolge Cystein-hydrochlorid und Na-Thioglycolat untersucht. 
> Fiir die Verbindungen mit den unter (5) angefiihrten Strukturelementen ist die 
ee phenolische Hydroxyl-Gruppe mehr kennzeichnend als die Nitro-Gruppe. Infolge 


der elektrophylen Eigenschaft der in ihren Molekiilen anwesenden Nitro-Gruppen 


vermag nimlich das H-Atom ihres phenolischen Hydroxyl-Radikals in demselben 


Masse als H*- lon dissozieren, wie das der Halogen-Phenole. Sie kénnen also vielmehr 


als Phenol-Derivate von bedeutendem Dissoziationsgrad (d.h. von niedrigem pK.) 


betrachtet werden, als fiir substituierte Derivate des Nitro-benzols oder Dinitro- 


benzols gelten. 
Es kann deshalb angenommen werden, dass sie ihre fungistatische Wirkung auf 


Grund desselben Mechanismus ausiiben, wie die Nitro-Gruppen nicht enthaltenden 


Phenol-Derivate: d.h. durch ihre Bindung an die Eiweisse, Lipoide und | ipoproteide 


der Zellwand, bzw. der Zellhaut und auf dem Wege der dadurch verursachten Des- 
organisation (Vgl. Teil I dieser Mittcilungsserie).' 
Zur Erklarung dieses Problems haben wir untersucht, ob die fungistatische Wir kung 


der wirksamsten gefundenen Nitro-phenol-Derivate so im festen wie auch im fliissigen 
Nihrboden durch die Zugabe von 10°,, Rinderserum und im fliissigem Niahrboden 
durch die Zugabe von 0,25 Lecithin, Lanolin und Sonnenblumené!l inwieweit 


beeinflusst wird 
Das im Laufe dieser Untersuchungen verfolgte Verfahren wurde schon im Teil | 


unserer Mitteilungsserie' beschrieben, so kénnen wir hier davon absehen. 
Nicht nur die Nitro-phenole, sondern auch andere Nitro-Verbindungen mit den 
Struktur-Eigenschaften (1), (2), (3), (4) und (6) haben wir mit Riicksicht darauf 


untersucht, imwiefern sie in ihrer fungistatischen Wirkung durch Rinderserum 


beeinflusst werden kénnen; die letzteren wurden allerdings nur auf Maische- A gar- 


Nihrboden gepriift. Es scheint nimlich nicht ausgeschlossen zu sein, dass einige 


unter diesen Verbindungen bei biologischen Umstinden nicht nur mit Sulfhydryl- 


Gruppen, sondern ausserdem auch mit anderen Atom-Gruppen (z.B. mit NH,, 


NH-Radikalen, welche im Serum in bedeutender Menge anwesend sind) reagieren 


kénnen; so mégen auch diese Reaktionen in ihrem fungistatischen W irkungsmechanis- 


mus mitspielen 
Es ist aus der chemischen Fachliteratur bekannt, dass das 2 : 4-Dinitro-phenol 


(F/348) und das 2 : 4-Dinitro-6-methyl-phenol (F/351) die oxidative Phosphorilation 


spezifisch hemmen kénnen.* 


Pyridin-Koemzym 3 anorganisches Phosphat 


H 


3 Adenosin-diphosphat LO, Pyridin-Koenzym + H,O 


3 Adenosin-tripho: phat 


4-Dinitro-phenol, 
4-Dinitro-6-methyl-phenol 


+ 


4 
; 
Le 
c 
q 
H 


298 ZSOLNAI 


Insofern die Hemmung der oxidativen Phosphorilation im fungistatischen Wirkungs- 
mechanismus des 2 : 4-Dinitro-phenols und des 2 : 4-Dinitro-6-methyl- phenols cine 
Rolle spielt, so muss ihre fungistatische Wirkung durch die Zugabe von Adenosin- 
triphosphat zum Nihrboden wesentlich vermindert oder ginzlich abgewehrt werden 

Zur Entscheidung dessen, ob die Hemmung der oxidativen Phosphorilation im 
fungistatischen Wirkungsmechanismus dieser Nitro-Verbindungen wirklich mitspielt, 
haben wir deren fungistatische Wirkung auf das Penicillium simplicissimum und das 
Saccharomyces siae auf festem Maische-Agar-Naihrboden auch mit 0.1 
Adenosin-triphosphat (Tetra-natrium Salz)-Gehalt einer Priifung unterzogen: diese 
Untersuchungen haben wir auch auf andere Nitro-phenole (und zugleich auf einige 
andere Nitro-Verbindungen von verwandter Struktur) ausgebreitet 

Die bei der Untersuchung des Wirkungsmechanismus der Nitro-Verbindungen 


erhaltenen Resultate stchen in den Tabellen 4 und 5 zusammengefasst 


BESPRECHUNG DER ERGEBNISSI 
Durchschauend d Resultate unserer Untersuchungen kann man _ folgendes 
feststellen 
(1) Unter den phatischen und araliphatischen Nitro-Verbindungen sind nut 


jene fungistatisch wirksam, welche an demselben Kohlenstoffatom. wo sich ihre 


Nitro-Gruppe befindet, auch ein oder mehrere Halogen-Atome enthalten, oder aber 


diejenigen, die thre Nitro-Gruppe an ein Kohlenstoffatom mit doppelter Bindung 
gebunden enthalt 

ind araliphatischen Nitro-Verbindungen, welche keine solche 

Struktur-Eigenscl en aufweisen kénnen, bleiben wirkungslos 
Die Verbindungen mit Halogen-Atom-Gehalt unter den latischen und ara- 
n Nitro-Verbindungen von der erwiihnten Struktur sind fungistatisch 
b wirksam, da die elektrophyle Eigenschaft der in ihren Molekiilen anwesenden 
tro-Gruppe und des Halogen-Atoms (oder Atome) sich summiert, demzufolge 
d jenes Kol latom, woran dic Nitro-Gruppe und das Halogen-Atom 
tome) gebund un dadurch faihig. auf Grund von 
yptoionischen echanismu it n Ufhydryl-Gruppen von Elektron-Donor- 
n Reaktion zu treten, wobei 


anscnauienel Form 


ze 


(2) Jene Nitro-Verbindungen, bei denen die Nitro-Gruppe an ein Kohlenstoffatom 


von Doppelbind ngeschlossen ist, mégen ihre fungistatische Wirksamkeit wahr- 


scheinlich ebenso durch ihre Reaktion mit den Sulfhydryl-Gruppen einzelnet 


Sulthydryl-Enzyme der Pilz-Zellen ausiiben 


4 
q 
By! 
4 
A VOl. 
196¢ 
a 
Halogen- und Wasserstofl-lone sich abdtrennen n 
zy 
R 2 + H nzyr 
cnzym 
x 4 
X = Halogan—Atome 
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Die Doppelbildung von Elektron- Donor-Eigenschaft dieser Verbindungen wird 
durch die elektrophyle Nitro- ~Gruppe recht stark polarisiert; infolgedessen werden 
diese Verbindungen geeignet, mit den SH- -Gruppen der Sulfhydryl-Enzyme nach 
folgendem Schema in Reaktion zu treten: 


H 
R:C:C.NO, + HS Enzym RCC NC 
H 


Die Intensitit der in vitro ausgeiibten fungistatischen Wirksamkeit der Verbindungen 
dieses Typus wird nach aller Wahrscheinlichkeit durch den Grad ihrer Affinitét gegen 
die Sulfhydryl-Gruppen bestimmt. 


Der Grad ihrer Affinitit zu den Sulfhydryl-Gruppen irgendwelches lebenswichtigen 
Sulfhydryl-Enzyms der Pilz-Zellen ist von der Natur des in thren Molekiilen 
anwesenden R-Radikals abhingig, ferner von dem Umstand. ob an die ungesittigten 
Kohlenstoffatome H-Atome oder irgendwelche anderen Atom-Gruppen sich 
anschliessen 


(3) Die Richtigkeit unserer Voraussetzung iiber den fungistatischen Wirkungs- 
mechanismus der Halogen-Atom (Atome) sowie ungesdttigte Bindung enhaltenden 
aliphatischen und araliphatischen Nitro-Verbindungen scheint unsere Erfahrung zu 
rechtfertigen, dass einige stark fungistatisch wirkende Prototypen derselben (F/267, 
268, 277, 281, 282, 284) auf einem C ystein-hydrochlorid oder Na-Thiogl 


tenden festen Maische-Agar Nihrboden ganz wirkungslos bleiben: sie erweisen sich 


aber fungistatisch bedeutend wirksam auf einem festen Nihrboden der von diesen 
Sulfhydryl-Verbindungen frei ist 

Daraus kann man den Schluss ziehen, dass das Cystein-hydrochlorid, bzw. das 
Na-Thioglycolat im Niahrboden mit ihnen extrace!lulir in Reaktion tritt und diese 
in fiir weitere dhnliche Reaktion unfihige V erbindungen unwandelt; dadurch werden 
die Pilz-Zellen gegen deren Einwirkung gleichwie in Schutz genommen. 

Die infolge der Einwirkung dieser Verbindungen schon erfolgte Hemmung der 
Vermehrung des Penicillium simplicissimum und Saccharomyces cerevisiae kann von 
vornherein weder das Cystein-hydrochlorid noch das Na-Thioglycolat aufheben, da 
die intercellulare Reaktion zwischen den Hi: ilogen-Atome oder ungesiittigte Bindung 
enthaltenden aliphatischen und araliphatischen Nitro-V erbindungen sowie den 
SH-Gruppen der lebenswichtigen Sulfhydryl-Enzyme der Pilz-Zellen irreversibel ist. 
Da die Reversibilitaét der schon stattgefundenen intercellularen Reaktion durch das 
Cystein-hydrochlorid oder das Na-Thioglycolat unter physiologischen Umstdnden 
fiir grundsdtzlich ausgeschlossen gelten kann, haben wir derartige Versuche auch nicht 
unternommen. 


(4) Die Ergebnisse unserer Wirkungsmechanismus-l ntersuchungen beweisen, dass 
die auf festem Nihrboden ausgeiibte fungistatische Wirkung des 2-Nitro-benzyl- 
chlorids und -jodids auf das Penicillium simplicissimum und Saccharomyces cerevisiae 
sowohl das Cysterin-hydrochlorid als auch das Na-Thioglycolat weitgehend ab- 
wehren kann, die Wirkung des 2 : 4-Dinitro-chlor-benzols aber bedeutend vermindert. 
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Daraus folgt, dass das 2-Nitro-benzyl-chlorid, das 2-Nitro-benzyl-jodid und das 
2 : 4-Dinitro-chlor-benzol ihre fungistatische Wirkung gleichfalls als ‘“Sulfhydryl- 
Enzym-Inhibitors” ausiiben 

Diese Ansicht wird prinzipiell durch die Tatsache begriindet, dass die Nitro- 
Gruppen durch thre starke elektrophyle Eigenschaft die Elektronen-Dichte um jenes 
Kohlenstoffatom des Molekiils vermindern, an welches Atom das gleichfalls 


elektrophyle Halogen-Atom gebunden ist; auf diese Weise wird es stark polarisiert 
und zur Teilnahme an kyptoionischen Reaktionen geeignet gemacht 


In anschaulicher Form lisst sich der Vorgang so darstellen 


Das Cystein-hydrochlorid oder das Na-Thioglycolat beeinflussen die 


des | : 3-Dinitro-benzols, des 2:4- und 3 : 5-Dinitro- 


indern diese Wirkung jedoch bei dem 2 : 4 : 6-Trinitro-toluol 

alb ist es wahrscheinlich zu halten, dass diese nicht durch 

ng der Funktion von Sulfhydrvyl-Enzymen in den Stoffwechsel 

-Zellen ei en. Sowohl diese, als auch die anderen untersuchten fungistatisch 
den Niutro-Derivate des Benzols, Naphtalins, Diphenyls und Phenanthrens 


e Wirksamkeit vermutlich auf Grund eines ganz anderen 


nnt, dass zehlreiche Nitro- und Polynitro-Verbindungen mit 
mamischen Verbindungen Molekil-Assoziaten, Molekiil- 
chiedener Struktur zu b.lden vermégen.** ™ 
nehmen, dass unter den bet unseren Versuchen fungistatisch 
Nitro-Verbindungen diejenigen, die ausser der Nitro- 
Keine anderen Reaktiven Gruppen enthalten, ihre fungis- 
h entfalten, dass die mit lebenswichtigen Eiweissen, Lipoiden, 
oteiden der Pilz-Zellen, bzw. mit thren gewissen Kettenteilen 
rbindungen, Assoziaten bilden, diese dadurch denaturieren 
biochemischen Funktion unfihig machen. Zui 


ng werden wir im spiteren eingehendere Unter- 


r mehrkerniger aromatischer Kohlenwasserstoffe (7.B 
304, 305, 320, 321, 322. 323) kénnen trotzdem. dass sie 
unter aboratoriumsumstinden—mit verschiedenen Verbindungen 


Assoziaten 


bilden vermégen, doch keine fungistatische Wirkung ausiiben 
ihrer W 


Kungslosigkeit ist unseres Erachtens darin zu suchen, dass sic 

ihrer geringen Lésbarkeit im Wasser, sowie ihrer bedeutenden Disposition 
\ggregation nicht emmal in Kolloid-Zustand jenes Mindestmass der Konzentra- 
im Nahrboden erreichen kOnnen, das zur Herbeifiihrung der Fungistase notwendig 
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(6) Die Nitro-Derivate der Benzoesiure, Phenyl-Essigsiure und der 1-Naphtyl- 
Essigsdure (F/394, 395, 396, 397, 398), und auch die Pikrinsiure, bleiben vermutlicher- 
weise deshalb wirkungslos, weil sie wegen ihres starken saurigen Charakters die Wand 
der Pilz-Zellen nicht durchdiffundieren und in deren Zwischenzellenraum nicht 
eindringen kénnen. 

(7) Serum kann auf festem Maische-Agar-Nihrboden nur die fungistatische 
Wirkung der Nitro-phenole und des 2 : 4 : 6-Trinitro-toluols erheblich beeinflussen 

Auch das Cystein-hydrochlorid und das Na-Thioglycolat vermindern im allge- 
meinen in bedeutendem Masse die fungistatische Wirkung der Nitro-phenole. Diese 
Wirkungsabnahme infolge des Cystein-hydrochlorids und Na-Thioglycolats kann 
man aber nicht als Folge einer zwischen ihnen und den Nitro-phenolen zustande 
gekommenen spezifischen Reaktion betrachten, sondern sie ist wohl der Reduktion 
ihrer Nitro-Gruppe zuzuschrieben, die durch das Cystein-hydrochlorid, bzw. das 
Na-Thioglycolat verursacht wurde. 

Im Wirkungsmechanismus der untersuchten und fungistatisch erwiesenen Nitro- 
phenole mag auch die Hemmung der Funktion der Sulfhydryl-Enzyme der Pilz- 
Zellen infolge ihrer aspezifisch oxidierenden Wirkung einen Anteil haben: es ist 
aber wahrscheinlich, dass es nicht die Hauptkomponente ihres Wirkungsmechanismus 
bildet. 

Auf fliissigem Nahrboden kann das Rinderserum nur die fungistatische Wirkung 
des 2-Nitro-4-chlor-phenols und des 2 : 5-Dinitro-phenols wesentlich vermindern, die 
des 2-Nitro-phenols, des 2-Nitro-4-propionyl-phenols und des 2 : 4-Dinitro-6- 
chlor-phenols nur in geringem Masse, die der iibrigen Nitro-phenole aber durchaus 
nicht. Lecithin, Lanolin und Sonnenblumenél kénnen die fungistatische Wirkung 
deren Mehrheit iiberhaupt nicht, die der Minderheit auch nur wenig beeinflussen. 

Die fungistatische Wirkung der Nitro-phenole auf festem Nahrboden wird durch 
die Zugabe von Adenosin-triphosphat zum Nahrboden nur unbedeutend vermindert 
(Ebensonwenig die der Dinitro-benzol-Derivate und des 2 : 4-Dinitro-anilins). 
Daraus ergibt sich die Folge, dass diese Verbindungen ihre fungistatische Wirkung 
nicht durch die Hemmung der oxidativen Phosphorilation ausiiben kénnen. 

Wenn wir all dies beriicksichtigen, k6nnen wir zum Schluss kommen, dass det 


fungistatische Wirkungsmechanismus der Nitro-phenole viel komplizierter ist, als 
derjenige der einfachen Phenol-Derivate oder Halogen-phenole.' In ihrem Wirkungs- 


mechanismus miissen verschiedene Faktoren mitwirken: die Denaturierung der 
Eiweisse der Pilz-Zellen, die oxidative Inaktivierung einzelner ihrer Sulfhydryl- 
Enzyme, ausserdem noch vermutlich auch die Bildung einer Molekiil-Assoziation 
mit einzelnen Zellbestandteilen. 

Die Frage, welcher biochemische Reaktionstypus in der Herbeifiihrung der 
Fungistase durch irgendein Nitro-phenol am entscheidendsten mitwirkt, hingt 
weitgehend von der speziellen chemischen Struktur des betreffenden Nitro-phenols 
ab, sowie von dessen Dissoziationskonstante, von der Elektronen—Dichte um 
einzelne Zentren des Molekiils, von der Qualitait der polaren Gruppen des Molekiils 
und von der Stellung dieser Gruppen im Verhaltnis zueinander und offenbar auch von 
anderen, bisher noch nicht bekannten Faktoren. 

(8) Unter den Nitro-anilin-Derivaten sind nur die 4-Methyl-, 4-Athoxy-, 4-Chlor-. 
und 4-Nitro-Derivate des 2-Nitro-anilins fungistatisch wirksam. Es ist interessant. 
dass das 2-Nitro-anilin selbst keine bedeutende Wirkung ausiiben kann, sondern nur 
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dessen 4-substituierte Derivate. Ihre fungistatische Wirkung wird durch Serum, 


Cystein-hydrochlorid und Na-Thioglycolat nicht beeinflusst. Ihr Wirkungs- 


mechanismus ist uns nicht bekannt 


fas ; 


Ri 


»—Vertasser hat die fungistatische Wirkung von 184 Nitro-Verbindungen auf 


derse enthaltenden fliissigen und 3 Agar enthalienden festen Maische-Agar- 


a 


unter diesen auch den Wirkungsmechanismus der am wirksamsten 
in der Gruppe der Nitro-Verbindungen Zusammenhinge zu finde: 
chemischen Struktur und der fungistatischen Wirksamkeit. andererseits 


hen Struktur und dem Wirkungsmechanismus 
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Abstract— DFP and eserine have certain antiallergic properties. These are not a result of 


blocking of the neuromuscular junctions, Cut of deactivation by an enzyme ol 
esterase character. Our results do not allow us to decide whether this enzyme is ar 
integral part of the “complement”, or a distinct molecular structure 


PAM (a very specific reactivator of acetvichol nesterase that has been inhibited b 


phosphates) ts able to suppress the protective action of DEP. This Suggests that 
configuration of the active centres of the enzyme are very close to that of acet 


Minesterase. We propose to name this enzvme anaphylesterase. 


Lorsgue dans le plasma ou le sérum d’un animal sensibilisé, les antigénes se com- 
binent aux anticorps correspondants, le complément se fixe aux complexes ainsi 
formes 

Le complément est également fixé A la surface des cellules porteuses de pareils 
complexes. Il en résulte une modification de la permeabilité de la membrane, qui se 
traduit, notamment, par une diminution de la concentration intracellulaire en K et en 
acides amines, et s'il s’agit des hématies. par une perte d’hemoglobine (hémolyse) 
Ces differents effets sont donc le reflet de l’activité du complement 

Comme l’ont montré Levine* et Becker*, les inhibiteurs des estérases, en particulier 
les alcoyl-phosphates, atténuent in vitro le décours de certaines reactions immunitaires. 
telle 'augmentation de perméabilité, responsable de I’hémolyse des hématies sensi- 
bilise¢es. C’est pourquoi ces auteurs concluent que certains Composants du compleé- 
ment sont doues de caractéres propres aux estérases. D’ailleurs, les cellules sensibili- 
sees qui ont fixe le complément ont acquis la propricte d’hydrolyser le p-toluéne- 
sulfonylarginineméthyl ester (TAMe).* En outre. certains constituants du complément, 
une fois purifiés, hydrolysent l'acétyltyrosyléthyl ester.4. 

Puisque l'une des activités enzymatiques d'origine complementaire semble étre 
celle d'une estérase, nous avons recherché si. d’une part, les alcoyl-phosphates sont 
capables in vivo de modifier le décours du choc anaphylactique et si, d’autre part, 
iodure de N-méthylpyridine-2-aldoxime (2-PAM). reactivateur spécifique de l’acétyl- 
cholinestérase inhibée par les alcoyl-phosphates,® est Susceptible de perturber les 
effects eventuels du dérivé organophosphoré. Wilson’ a, en effet. montré que les 


* Chercheur qualifié du Fonds National de la Recherche Scientifique 


3S 


ey 
a 
| OBO 
th 
4 
“i 
ka 
. 


J. Lecomre et E. SCHOPFENTELS 


fonctions possédant un caractére nucléophilique (fonction amine, pyridyl, hydroxyl, 
sulfhydryl, etc.) réactivent l’acétylcholinestérase phosphorylee. 


METHODES 


Les lapins ont été sensibilisés 3 semaines avant l'expérience par administration 
sous-cutanée de 5 ml de blanc d’oeuf de poule, pendant 3 jours consecutifs 

Le jour de l'expérience, les lapins sont anesthésiés au Nembutal, par voie intra- 
veineuse, a raison de 30 mg/kg. Aprés trachéotomie, la respiration artificielle est 
instaurée d’emblée. La pression arteérielle est enregistree a la carotide 

Les lapins, d’abord injectés par voie intraveineuse, de sulfate d’atropine a raison de 
3 mg/kg, ont été ensuite répartis en trois groupes. Le premier est traite par le di/so- 
propylfluoro phosphate de soude (DFP) injecté par voie intraveineuse a doses frac- 
tionnées jusqu’ a un total de 4 mg/kg 

Le second groupe est également traité par le DFP. Lorsque les symptOmes de 
intoxication nt installés depuis quelques minutes, l'animal regoit en injection 
intraveineuse de Viodure de N-méthylpyridine-2-aldoxime (2-PAM, pyridine-2- 
aldoxime methiodide) A raison de 75 mg/kg. Cette substance definie par Wilson, 
débloque de maniére instantanée l'acétylcholinestérase inactivee par les alcoyl- 
phosphates 

Le troisiéme groupe de lapins sensibilisés est injecte de physostigmine (eserine) a 
doses fractionnées, jusqu’é un total de 4 mg/kg. Dans une experience controle, un 
lapin de ce groupe a été traité par 2-PAM apres l’installation de l’intoxication eserinee 

Quinze A vingt minutes aprés la derniére injection, soit de Finhibiteur, soit du 
2-PAM., l’antigéne est administré sous la forme solution de blanc d’oeut dilue 
au quart par NaCl 0,9°,, a raison de | ml/kg 

Les variations de la pression artérielle générale permettent de juger de l'intensite 
des réactions anaphylactiques. Celles-ci sont d’autant plus importantes que I’hypo- 


tension est plus profonde et plus durable 


RESULTATS 


(1) L’administration de DFP, comme celle de physostigmine, entraine par blocage 
de l'acétylcholinestérase et accumulation subséquente d’acetylcholine l'apparition de 
symptomes nombreux et divers. Les uns sont de nature muscarinique, tels la saliva- 
tion. la bradycardie et le miosis; ils sont inhibés par l’atropine. Les autres, nicotiniques, 
parmi lesquels la fibrillation musculaire generalisee, ne sont pas supprimes par cet 
alcaloide. Cette fibrillation disparait lorsque l'accumulation progressive d’acetyl- 
choline a finalement bloqué les récepteurs de synapses neuromusculaires. La dis- 


sarition de toute coordination neuromusculaire par ce blocage synaptique entraine 
| 


l’arrét de la respiration 

Puisque les lapins sensibilisés dont nous étudions les réactions sont d’embleée 
soumis a la respiration artificielle et traités par atropine, ils sont donc protéges des 
effets immédiats, muscariniques et nicotiniques, de l’intoxication par le DFP ou par 
l’ésérine. L’acétylcholinestérase est évidemment inactivee. 

(2) Les lapins sensibilisés intoxiqués par le DFP ou la physostigmine présentent, 
lors de l’'administration intraveineuse de l’antigéne, une chute tensionnelle peu 
importante, de durée bréve. Les propriétés anti-anaphylactiques de l’ésérine sont plus 
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marquées que celle du DFP (Tableau 1). Les inhibiteurs des estérases se montrent 
ainsi doues d'une certaine activité anti-allergique. Celle-ci, toutefois, n'est pas suffi- 


sante pour supprimer enti¢rement toute manifestation tensionnelle d'origine anaphy- 
lactique, comme le montre la Fig. 1. 


(3) L’administration de 2-PAM au lapin préalablement traité par I’ésérine ne modifie 
pas l’intoxication que provoque alors le blocage de l’acétylcholinestérase. La chute de 


Fic. 1. Effet anti-anaphylactique de l’ésérine 


Enregistrement de la pression artérielle carotidienne d'un lapin de 2 kg 100, anesthésié au nembutal 


par voie intraveineuse et soumis a la respiration artificielle. Temps en minutes 


L’animal a ¢té sensibilisé par l'administration de blanc d’oeuf, 3 semaines auparavant. Dés la fin 


de l'anesthésie, il a regu 3 mg/kg d’atropine, puis de l’ésérine a raison de 4 mg/kg 


En a seffectue l'administration déchainante de blanc d’oeuf. Elle n’est suivie d’aucune chute 


tensionelle immédiate: l'animal est protégé des effets de la réaction anaphylactique. 


TABLEAU |. ACTION DES INHIBITEURS DES ESTERASES SUR L”’HYPOTENSION 
4 NAPHYLACTIQUI 


Pression artérielle Durée de 
Conditions (°,, de la valeur hypotension Nombre 
-contrdéle) minutes d’ observations 


DFP 40 12 5 
DFP PAM 10 25 4 
eserine 50 10 4 


Les lapins sont sous respiration artificielle et regoivent de l’atropine 
(3 mg/kg). Le DFP, l’ésérine et le 2-PAM sont injectés, en doses fraction- 
nees, par vole intraveineuse. La pression artérielle est enregistrée a la caro- 
tide. Les chiffres du tableau expriment en du controle, la valeur la plus 
basse obtenue lors de l’injection intraveineuse de l’antigéne. 


pression arterielle qui suit l’injection de l’antigéne reste alors peu importante et de 
tres courte durée. Ce résultat s’explique facilement: le 2-PAM ne réactive l’acétyl- 
cholinesterase que lorsque cet enzyme a été inhibé par un organophosphoré. Ce 
resultat est toutefois important, puisqu’il démontre que c’est bien au niveau d’une 
activité estérasique que le DFP et |’ésérine exercent leur action anti-anaphylactique. 


(4) L’administration de 2-PAM aux lapins intoxiqués par le DFP entraine immédi- 
atement la disparition des fasciculations musculaires et restaure la force de contraction 


des muscles respiratoires. L’hydrolyse de l’acétylcholine est de nouveau possible. Le 
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blocage synaptique est aboli et la respiration artificielle peut alors étre suspendue sans 
danger. 


(5) Les lapins sensibilisés, d’abord traités par le DFP, ensuite par le 2-PAM, se 


rouvent, en ce qui concerne l’acetylcholinestérase, dans un état analgogue a celui des 


animaux qui nauraient regu que de l’atropine. Quand de I’antigéne preparant leur 


est injecte par vole intraveieuse, ils presentent, aprés une latence de 30 4 45 sec. une 


chute brutale (7 cm Hg) et durable (25 min) de la pression artérielle, caracteristique 


du choc anaphylactique (Fig. 2). L’examen nécropsique du coeur révéle d’ailleurs la 


turgescence pathognomonique de l'artére pulmonaire. 


Fic. 2. Absence d'effet anti-anaphylactique du traitement DFP/2-PAM 


Enregistrement de la pression artérielle carotidienne chez un lapin sensibilisé (2 kg), anesthésié et 


soumis a la respiration artificielle (conditions identiques au lapin qui a servi a obtenir la Fig. 1) 


Apres injection d’atropine, il a regu du DFP (4 mg/kg) jusqu’a apparition des signes d’intoxication, 


notamment fasciculation musculaire. A ce moment, injection intraveineuse rapide de 2-PAM (75 


mg kg) entrainant la disparition des signes toxiques 
En a seffectue l'administration déchainante du blanc d’oeuf. Elle provogue alors une chute ten- 


sionelie immediate suivie d'un collapsus durable. L’animal n'est pas protégé 


Ce resultat est a rapprocher de l’observation de Becker’? montrant que l’acide 
hydroxamique restaure, in vitro, l'activité du complément inhibée par le DFP, puisque, 


comme l’a démontre Wilson’, c'est par son caractére nucleophilique que l’acide 


hydroxamique reactive l'acétylcholinestérase phosphorylée 


Quelques experiences supplémentaires effectuées a titre de contrdle nous ont 


montre que chez les lapins sensibilisés dont la pression artérielle a été au préalable 


fortement abaissée par l’administration intraveineuse de l’antigéne preparant, l’injec- 


tion intraveineuse d’atropine (4 mg/kg) ne provoque pas la récupération des valeurs 


tensionnelles normales 


L’atropine, a elle seule, s’avére ainsi incapable de modifier le décours du choc de 


sensibilisation 


DISCUSSION 


(1) L’atropine administrée 4 doses élevées ne prévient ni ne corrige hypotension 


arterielle générale d'origine anaphylactique. Puisque cet alcaloide entre en competi- 


tion avec l’acetylcholine ou les autres substances cholinergiques, pour les réecepteurs 
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des fibres musculaires lisses, on peut conclure qu’au cours de la réaction antigéne- 


anticorps, il n’y a pas de libération de corps a activité cholinergique. La nature du 
mecanisme responsable de l'activation anaphylactique des fibres musculaires lisses doit 
done étre cherchée ailleurs que dans la libération d’une substance acetylcholino- 
mimetique. D’ailleurs, les manifestations cardiaques d'origine allergique qui accom- 
pagnent la chute de la pression artérielle ne sont pas comparables a celles qui temoig- 
nent de l’accumulation périphérique d’un corps cholinergique.'* 

(2) Bien qu’ils s’avérent incapables de supprimer completement la ch ute tension- 
nelle d’origine anaphylactique, le DFP et I’ésérine sont doués d’une certaine activité 
anti-allergique. Celle-ci, qualitativement, est beaucoup moins importante que celle 
des diphénylpyrazolones. Elle dépend vraisemblablement de la mise hors d'action 
de certains processus secondaires participant accessoirement au déclenchement du 
choc anaphylactique. 

Les effets anti-anaphylactiques du DFP et de I’ésérine ne peuvent pas dépendre 
d'une action au niveau des récepteurs des jonctions neuromusculaires. puisque ces 
derniers ne paraissent pas étre intéressés directement dans la pathogénie du choc 
Ces effets ne peuvent pas davantage s’expliquer par l’inhibition de l’acetylcholine- 
esterase au niveau des synapses 

Il est done nécessaire de postuler que ces inhibiteurs inactivent un autre enzyme a 
fonction estérasique. Comme cet enzyme, lorsqu’il est inhibé par un alcoyl-phosphate, 
est reactive par un antidote aussi spécifique de l’acétylcholinestérase que le 2-PAM., 
nous devons conclure que la configuration des centres actifs de cet enzyme doit étre 
tres voisine de celle de l’acétylcholinestérase. Cet enzyme est-il le complement ou 
s‘agit-il d’une entité chimique distincte? Nos résultats ne permettent pas de tirer de 
conclusions a ce sujet. Mais, ce qui parait établi, c’est que l’activité d’un enzyme a 
fonction estérasique semble impliquée a titre accessoire dans la pathogénie du choc. 

(3) Nous proposons d’appeler cet enzyme “anaphylestérase”’. Cette nouvelle appel- 
lation ne fait pas double emploi avec celle de “complement”, méme si des travaux 
ulterieurs démontraient qu’ “‘anaphylestérase”’ et “complement” désignent une méme 
structure. Le terme d° “anaphylestérase” nous parait, en effet plus conforme que le 
terme de “complément” aux régles de la nomenclature enzymologique. De plus, il a 
l'avantage de définir plus précisément un des mécanismes biochimiques responsable 
du choc anaphylactique, a savoir: "hydrolyse d’une liaison ester. 


RESUME 

Le DFP et l’ésérine sont doués de certaines propriétés anti-allergiques. Cette action 
nest pas le résultat d’un blocage des jonctions neuromusculaires, mais dépend de 
inactivation d’un enzyme a caractére estérasique. Cet enzyme fait-il partie intégrante 
de ce qu’on appelle généralement le complément, ou s’agit-il d’une structure molé- 
culaire distincte? Nos résultats ne permettent pas de tirer de conclusions A ce Sujet. 
Le fait que le 2-PAM, un réactivateur trés spécifique de l’acétylcholinestérase inhibée 
par les alcoyl-phosphates, est capable de supprimer |’action protectrice du DFP, 
suggere que la configuration des centres actifs de l’enzyme est trés voisine de celle de 
l'acétycholinestérase. C’est pourquoi nous proposons d’appeler cet enzyme I’ “‘ana- 
phylestérase”, dénomination conforme aux régles de la nomenclature enzymologique. 
Cette nouvelle appellation a également l’avantage de définir plus précisément un des 
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mécanismes biochimiques responsable du choc anaphylactique, 4 savoir: hydrolyse 


d’une liaison ester 


Remerciements—Nous remercions le Dr. D. Nachmansohn, professeur de Biochimie 4 la Columbia 
University, New-York, d’avoir bien voulu nous fournir le 2-PAM utilisé dans ces expériences 
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BIOCHEMICAL EFFECTS OF DITHIAZANINE ON THE 
CANINE WHIPWORM, TRICHURIS VULPIS* 
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Department of Pharmacology and Department of Tropical Medicine, 
and Medical Parasitology, School of Medicine, Louisiana, 
State University, New Orleans, La. 
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Abstract—Lactic, acetic, propionic and n-valeric acids, carbon dioxide, and small 
quantities of formic and n-butyric acids, are products of the aerobic and anaerobic 
metabolism of adult Trichuris vulpis, the canine whipworm. Approximately 50 per cent 
of the glucose taken up by this parasite is accounted for by these products. The parasite 
is not dependent on aerobic metabolism. In an atmosphere containing CO, (from 2 to 5 
per cent) in nitrogen, 7. vulpis survives in vitro for considerably longer periods and 
metabolizes carbohydrate at a higher rate than in nitrogen alone, tn air, or in a mixture 
of CO, (5 per cent) and oxygen (20 or 95 per cent) 

Dithiazanine. a cvyanine dye effective in the treatment of canine and human whip- 
worm infections, in concentrations which do not affect the motility of T. vulpis, pro- 
duces an irreversible inhibition of the uptake of glucose by the parasite and a marked 
reduction in the concentrations of free glucose and ATP, and in the size of the carbo- 
hydrate stores in the worm. It is concluded that dithiazanine interferes with the trans- 
port of glucose in 7. vulpis. As a result, utilization of endogenous carbohydrate ts 
increased. Depletion of the carbohydrate stores and inability to utilize exogenous 
glucose brings about a decrease in the generation of energy-rich phosphate bonds 
These biochemical changes can account for the chemotherapeutic action of dithiazanine 


in trichurtasis 


RECENT reports have demonstrated the chemotherapeutic effectiveness of a cyanine 
dye, dithiazanine, in the treatment of human subjects infected with the whipworm, 
Trichuris trichiura. as well as with other intestinal nematodes (Strongyloides 
stercoralis, Enterobius vermicularis and Ascaris lumbricoides).2:* In the course of 
investigations designed to determine the biological properties of cyanine dyes* the 
anthelmintic activity of these compounds was uncovered during World War IL.° 

In extremely low concentrations (5 10-* M) cyanines inhibit the oxygen uptake of a 
number of helminths.*-" This effect accounts for the chemotherapeutic activity of 
cyanines against the filarial worm Litomosoides carinii. The structural property con- 
ferring these metabolic and chemotherapeutic actions of cyanines is the amidinium 
ion resonance system which is a common characteristic of this group of compounds.” 


Subsequent investigations have revealed that cyanine dyes have chemotherapeutic 


* This investigation was conducted under the auspices of the Commission on Parasitic Diseases 
of the Armed Forces Epidemiological Board and was supported in part by the Office of the Surgeon 
General of the Army and by research grants (E-668 and E-2347) from the National institutes of 
Health, U.S. Public Health Service 

+ Present address: Department of Pathobiology, School of Hygiene and Public Health, The Johns 
Hopkins University, Baltimore, Maryland 

* Present address: Department of Pediatrics, School of Medicine, Western Reserve University, 
Cleveland, Ohio 
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activity against certain intestinal nematodes of dogs (Ascaris, Trichuris and Ancylos- 


1a),"" of rats and of mice (pinworms, strongyloids).'* These observations led to the 


of 
development of a cyanine dye, pyrvinium chloride, which proved highly effective in 


treatment of human pinworm infections.” Since the oxygen tension of the 


of these helminths is extremely low and since most of the above-mentioned 
1 for survival on anaerobic, rather than on aerobic, metabolism’: '* 
e chemotherapeutic actions of cyanine dyes on these organisms a 


a mechanism other than inhibition of oxidative reactions. The h 


une against similar types of intestinal nematodes provides addi- 


this conclusion. In the present study an attempt has been made to 

determine the effects of dithiazanine on the anaerobic metabolism of Trichuris rulpis. 

the canine whipworm highly susceptible to the chemotherapeutic actions of this cva- 
nine dye 

[he observations reported below indicate that under both anaerobic and aerobic 

conditions sublethal concentrations of dithiazanine irreversibly inhibit the transport 

of glucose int huris vulpis. Lack of availability precluded similar studies using the 


human whipworm, Trichuris trichiura 


METHODS AND MATERIALS 


After removal of the whipworms from the caecal mucosa of dogs, the parasites 
were placed in a medium which had the following composition: 0-12 M NaCl, 0-005 M 
KCI, 0-001 M CaCl, 0-001 M MgCl, 0-02 M Tris*buffer (pH 7-7), 0-002 M sodium 
phosphate buffer (pH 7-7), 0-05 M glucose: penicillin, streptomycin and kanamycin, 

ntration of 10 ug per ml; and mycostatin, | «g per ml. Subsequently, 


he nematodes were freed of 


this medium will be referred to as the basic medium. T 
contaminating intestinal contents and tissue debris by three transfers into petri dishes 
containing the basic medium, and were then blotted (using Whatman filter paper 
no. VU), weighed, and placed in solutions in which their metabolic activities were to be 
determine e milliliter of medium was used per worm. When CO, was used in the 
atmosphere, s im bicarbonate was added to the basic medium. in order to readjust 
the pH to 7 e final concentration of NaHCO, was 4-5 10-* M with 5 per cent 
CO,, 1:3 M with 2 per cent CO, and 6 « 10-* M with 0-3 per cent CO,. With 
0-1 per cent © bicarbonate was required, since the decrease in the pH produced 
by this concentration of gas was not significant. Gassing and incubation were carried 
ynal Warburg apparatus at 37 C. Glucose was determined by the 
vi’*, lactic acid according to Barker and Summerson*®, glycogen 
d and Abraham*! and total carbohydrate according to a method 
s study." Volatile acids were isolated from the media by distillat 
ubsequent concentration, as described previously ;** they were 
parated and tentatively identified by gas partition chromatography, accordi 
James and Martin? 

Survival of 7. vu/pis in vitro was determined at 37 “C by incubating each worm in a 
screw-capped culture tube containing 5 ml of medium. Each experimental condition 
employed five worms and transfer to fresh media was made every three or four days 

¢ following abbreviations are used: ATP, adenosine triphosphate: Tris, tris- 
methane ; TPN, triphosphopyridine nucleotide 
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When gas mixtures other than air were used, the medium in each tube was gassed fot 


1 min before, and for another minute after the parasite had been introduced. This was 

followed immediately by sealing the screw-capped culture tube. The worms 

observed daily for motility, which was used as the criterion for survival 
Concentrations of glucose and of ATP in the worms were determined enzymaticall 


as proposed by Slein et a/.** by measuring the reduction of TPN as a result of the com- 
bined actions of hexokinase and of glucose-6-phosphate dehydrogenase. For these 
analyses the parasites were homogenized with cold perchloric acid (final concentra- 
tion, 4 per cent). The mixtures were centrifuged at 1000 ¢ for 15 min and measured 
volumes of the supernatant fluids were adjusted with KOH (2 N) to a pH of 7-0. The 
insoluble potassium perchlorate was removed by centrifugation at 1000 g for 1 
min. All operations were carried out at temperatures between 0 and 4 °C. Glucose 
was determined in aliquots of the neutralized supernatant fractions in a reaction 
mixture containing 0-01 M MgCl,, 0-05 M potassium glycylglycine buffer (pH 7-4). 
0-0003 M TPN and 0-003 M ATP (pH 7-4) in a final volume of 1 ml. After giucose-6- 
phosphate dehydrogenase was added, the change in optical density was determined at 
340 my in a Beckman DU spectrophotometer. On completion of the reaction, hexo- 
kinase was added and the reduction of TPN was measured again in the same manner 
in order to determine free glucose. The same procedure was used for the determination 
of ATP, except that glucose (final concentration: 0-0015 M) was added to the reaction 
mixture in place of ATP. Under these conditions, reduction of 1-0 umole of TPN is 
equivalent to 1-0 u~mole of glucose if an excess of ATP is provided, and to 1 «mole of 
ATP in the presence of an excess of added glucose. Addition of glucose-6-phosphate 
dehydrogenase prior to that of hexokinase insures the dehydrogenation of any glucose- 
6-phosphate which may be present initially in the reaction mixture. Crystalline hexo- 
kinase was prepared according to an unpublished method of Darrow and Colowick™. 
Glucose-6-phosphate dehydrogenase was obtained from Boehringer and Soehne 
Of a twentyfold dilution of the hexokinase, 0-02 ml was used, as well as 0-02 ml of a 
fiftyfold dilution of the glucose-6-phosphate dehydrogenase suspension (in 0-05 M 
glycylglycine; pH 7-4); these amounts were adequate to carry the reactions to com- 
pletion within from 4 to 5 min at room temperature 

Hexokinase activity in 7. vulpis was determined after homogenizing the worms in 
0-05 M glycylglycine buffer (pH 7-4) at 0 °C. The homogenate was prepared by the 
addition of 0-2 ml of buffer per 10 mg of tissue. The same reaction mixture as the one 
described in the preceding paragraph was used, except that NaF (final concentration: 
0-05 M) and both glucose and ATP (final concentrations: 0-003 M and 0-0015 M. 
respectively) were included, and addition of the crystalline hexokinase preparation 
was omitted. Immediately after homogenization, 0-02 ml of the suspension or of a 
dilution thereof was added to start the reaction and the increase in the optical density 
due to the reduction of TPN was followed at a wavelength of 340 my for 4 min every 
30 sec. Hexokinase activity was proportional to the amount of homogenate in the 
reaction mixture and was linear with time 

[he potassium salt of ATP was obtained from Pabst Laboratories and TPN from 
Sigma Chemical Corporation. Dithiazanine 
sulfate) was supplied by Dr. Koert Gerzon of Eli Lilly Laboratories and |-ethyl- 
3:6-dimethyl-2-phenyl-4-pyrimido-2-cyanine chloride (CC no. 863) by Dr. L. S. G. 
Brooker of Eastman Kodak Research Laboratories 
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RESULTS 
Carbohydrate ut ition 
In an atmosphere of nitrogen, uptake of exogenous glucose by 7. vulpis varied 
between 0-35 and 0-55 wmoles per 24 hr and per mg. (wet weight). This rate of 
uptake is approximately one-tenth to one-twelfth of that of Schistosoma mansoni* 
and one-fifth of it of Litomosoides carinii.” In the absence of added glucose, the 


vlycogen content of 7. ru/pis decreased at a rate which was about one-half the rate of 


Rives 


glucose uptake. These values were obtained by the determination of the rate at which 


lycogen disappeared over a period of 4 hr. If the parasites were incubated without 
eriods they gradually lost their motility, and survival was reduced 

In the absence of glucose the average rate of anaerobic glycogen 

ation per m et wt. was 0-039 pmoles (in terms of glucose units) in 4 hr, as 
red to fro O58 to 0-089 pmoles of exogenous glucose uptake during the same 
‘rence between the rates of anaerobic and acrobic glycogen 

tial glycogen content of the worms (wet weight) varied 

incubation for 4 hr (37 C) in 

concentrati “tween 1°53 and 1-75 pet 


and to between 1-50 and 1-82 (average: 1-69) under 


( OF ANAEROBIC Gil 


yn accounted for no more than from 5 to 10 per cent of the 
under aerobic or anaerobic conditions. Other metabolic pro- 
parasite were acetic, propionic and n-valeric acids (Table 1) 
Smaller lies Of formic, a-butyric and of an as yet unidentified hexanoic acid 
also were produced. Approximately 10 per cent of the glucose metabolized under 


anaerobic conditions was converted to CO,, indicating the occurrence of active 
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decarboxylation mechanisms. The above products accounted for approximately 50 
per cent of the carbohydrate utilized by this parasite 


Effect of carbon dioxide on carbohydrate metabolism 
When T. vu/pis was incubated in the basic medium for several days in an atmosphere 


of air or of nitrogen, the rate of glucose uptake was not maintained at a constant level. 


~ 


TABLE 2. EFFECT OF GASEOUS ATMOSPHERE ON GLUCOSE UPTAKE OF Trichuris vulpis 


. moles of glucose taken u 


(per me wet 
2nd day 


0-41 
0-42 


0-5 


0 
0-2 


0 
0 


TABLe 3. Errect oF THE CO, CONCENTRATION ON THI AEROBIC UPTAKI 
OF GLUCOSE BY Trichuris Cul} 


moles of glucose taker 
(per mg wet weigh 
In 
end day 


0-33 
0-13 


but decreased more or less markedly (Table 2). Under these conditions another 
irregularity was noted: the reduction in glucose uptake was not uniform even among 
worms originating from the same host. On the other hand, if these in vitro experiments 


were carried Out in an atmosphere more closely approaching that prevailing in the 


315 
ght) 
Gas 
ee Ist day ‘rd da 
- 
100°. N 0-4 0-33 
0-38 0-25 
Air 0-42 0:29 
0-55 0-41 
100°, O 0-48 7 0-04 
0-32 6 0-16 
— 5 CO 0-75 80 0-78 : 
95°) N 0-87 9? 0-88 
> 
s°° co 0-46 0-2? 0-16 
O, 0-68 0-3] ; 
CO, (0-68 (0-38 0-26 
75°. 
ak 
of CO, (in N,) 
0-40 0-09 
0-1 0-48 0-19 0-0 
0-3 0-43 0-31 0-35 
0-36 0-29 0-25 
a 0-88 0-84 0-87 
0-92 0-82 0-86 
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al habitat of the parasite,** i.e. IN a gas mixture containing 5 per cent CO, 
and 95 per cent N,. the rate of glucose uptake not only was higher than in oxygen, in 


various mixtures containing CO, and O,, but also remained at a constant 


~ 


2). The minimal concentration of CO, in 


least 3 days (Table 
roduce this effect was found to lie between 0-3 and 2 per cent 
n the rate of glucose uptake produced by CO, under anaerobic 
istrable already during shorter periods of incubation lasting 
of metabolically produced CO, from the atmosphere by the 
1 a further reduction in glucose utilization (Table 4). While CO, 


n of lactic and of volatile acids from glucose, the ratios « 


these 
1 glucose taken up were not affected materially by the presence 


vhere (Table 1) 


ON ANAEROBIC GLUCOSE UPTAKE OF Trichuris vulpis DURING 
AN INCUBATION PERIOD OF 4 HR 


1 period of from 4 to 7 da 
basic mediun 
The concentrations of the constituents of the basic medium were arrived at by 
varying the concentration of each cation until the optimal survival period was 
obtained. Omission of K~, Ca** or Mg?> resulted in a significant reduction of survival 
(Table 5) 
In the absence of glucose, survival was reduced to less than | day. Glucose could be 


replaced by mannose, fructose, maltose or glycerol (Table 6), indicating that one or 


= 
level for a period « 
nitrogen required to 
(Table 3). The increa 
conditions was de 
onliv 4 hr I min 
use of alkali resulted 
increased the product 
acids formed per ic 
of CO, in the atmosp 
TABLE 4. Errect or CO, 
S moles of glucose taken up a 
Gas 1 4 hr (per mg) Be 
N,* 0-070 
v 
N 0-110 c 
0-117 
196C 
5°. CO,, 95°. N 0-162 
0-146 
Center cup of incubation vesse! contained 0-1 mi 
i 40 per t KOH der to absorb the CO, pro ae 
LABLE 5. SURVIVAL OF Jrichuris vulpis in vitro 
4 
4 
Survival of T. vulpis in vitro 
a 
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several hexokinases, a glycerol kinase, a maltase and a phosphomannose isomerase 


were present in the worms. On the other hand, galactose, sucrose, trehalose and ribose 
did not support the survival of the worms (Table 6). 
When air was replaced by a gas mixture containing 5 per cent CO, and 95 per cent 


nitrogen, survival of the worms was increased significantly (Table 7). As in the experi- 


ments concerned with glucose uptake, this effect of CO, required the absence of oxy- 


gen. When survival was extended to a period of 2 weeks by the use of the CO,-N, 


gas mixture it became evident that glucose was more effective in supporting the 
survival of 7. vulpis in vitro than were mannose, fructose, maltose or glycerol (Table 6). 


Under these conditions, the requirement of the worms for K*, Ca?* and Mg?* wa: 


demonstrable also (Table 5). 


TABLE 6. EFFECT OF VARIOUS SUGARS ON THE SURVIVAL OF Trichuris vulpis in vitro 


Survival in days 


Concentration 
(mg/ml) In au in 5% CO,, 95% N, 


Sugar 


Average Limits 


Average Limits 


( 0 

Gsiucose 6-0 14-8 14-16 
Fructose 2 5-6 5-6 7:2 5-8 
Mannose 2 5-4 5-6 10-3 ] 
Glycerol 2 4-2 3-6 5-3 5-6 
Galactose 2 0-4 0-1 

Maltose 4 4-4 2 6 4-0 2 5 
Sucrose 4 0 0 

Trehalose 4 0 0 

Ribose 2 0-2 0-1 


TABLE 7. EFFECT OF THE GASEOUS ATMOSPHERE ON THE SURVIVAL OI 
T. vulpis in vitro 37 °C 


Survival (days) 


Average Limits 


6-0 
CO, in ait 5-2 
6-0 


Respiratory enzymes 


During incubation of 7. vulpis in the basic medium with air as the atmosphere, the 


parasites took up 0-34 umoles of oxygen per mg (wet weight) in 24 hr (37 °C). Evidence 


for the presence of the cytochrome system in 7. vu/pis was supplied by the observations 


summarized in Table 8. Homogenates of the worms catalyzed the reduction of cyto- 


chrome c and this rate was increased significantly by the addition of succinate 


Furthermore, reduced cytochrome c was oxidized by homogenates of the worms and 


this reaction was sensitive to cyanide and heat. These observations suggest that the 


worms contain a succinoxidase which operates with the participation of the cyto- 


chrome system. The activities of both cytochrome c and of cytochrome oxidase in 


homogenates are sufficiently high to account for the rate of oxygen uptake of intact 


worms. 
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Addition of hydrogen peroxide to homogenates of 7. vu/pis resulted in the rapid 
release of oxygen (Table 8) indicating that these worms have high catalase activity. 

Concentrated aqueous extracts of 7. vu/pis have a distinct red coloration. Using a 
cytochrome c-deficient rat liver succinoxidase preparation® it was found that this 
pigment was not identical with cytochrome c. The pigment had a maximum extinction 


TABLE &. SUCCINIC DEHYDROGENASE, CYTOCHROME OXIDASE AND CATALASE ACTIVITIES 
OF Trichuris HOMOGENATES 


Rate 
Reaction Measured 

component mumoles hr 

per mg 
cytochrome Cytochrome 
ytochrome Cytochrome 
Oo, Cytochrome 
n O, KCN Cytochrome 4:7 
+O O 229-0 


| 


React nixtures in experiment nos. | to 4 contained 50 wmoles of phos- 
phate Du (pH 7-7), 0-04 umoles of reduced or 0-05 umoles of oxidized 
cyvtocnron } nl Jrichw homogenate and, where indicated, | of 
KCN or 50 un s of sodium succinate, or both. Final volume: 1-0 ml. The 
homogenate yrepared in sucrose (20 per cent) containing 0-01 M phosphate 
buffer (p 68 mg of tissue per ml. Measurements were taken in the 
Beckmar ectrophotometer at 550 my at room temperature (25 C) 


r 5 was carried out in the presence of 40 uzmoles of phosphate 


Expe 

buffer (| 7-3), 3-0 pmoles of H,O, and 0-2 mi of Trichuris homogenate. Con 

trois I rt presence and absence of homogenate and of H,O The 

Trichi homogenate was prepared in sucrose (25 per cent) containing 0-05 M 
ti 


ssue per mi. Gas produc- 


7 C) with O1 mi of ION 


phosphate buffer (pH 7:3) and contained 121 mg of 
s deter ed in the Warburg apparatus (3 


nwa 
JH in the center well 


at a wavelength of 414 n which was shifted to 426 my on reduction with a few 
crystals of sodium hydrosulfite. This behavior is more characteristic for a hemo- 
globin rather than for a cytochrome. Possibly this pigment originates from the red 
cells of the host because it has been reported that trichurids secure their food from 


mucosal tissue and blood 


Effect of dithiazanine on metabolism of T. vulpis 
Concentrations of dithiazanine lower than those which affected the motilityof the 
ms significantly inhibited their rate of anaerobic glucose uptake (Table 9). There- 
t appears that dithiazanine has a direct effect upon the carbohydrate metabolism 
pis and that these biochemical changes are not secondary to a reduction in the 
moulity of the worm. When the organisms were exposed for 24 hr to from 0:1 to 0-2 ug 
of the drug per ml and were then transferred into dithiazanine-free medium, the 
inhibition of glucose uptake persisted, and became even more pronounced in many 
experiments (Table 9). This metabolic effect of dithiazanine was found to be irrever- 
sible. The inhibitory effects of dithiazanine on glucose uptake were equally pronounced 
in the presence and in the absence of CO,. Reduction of glucose uptake by dithiaza- 
nine was associated with a corresponding decrease in the amount of volatile acids 
produced, but there was no specific inhibition of the production of any particular 


volatile acid (Table 1) 


— 
no 
Endogeno 
5 2H,O 
c 
196¢ 


Biochemical effects of dithiazanine on the canine whipworm, trichuris vulpis 319 


Exposure of the worms to concentrations of dithiazanine which produced a reduc- 
tion in glucose uptake resulted in a marked decrease in the concentrations of free 
glucose, of ATP and of total carbohydrate in the worms (Table 10). 

Dithiazanine had no effect on the hexokinase activity of homogenates of T. vulpis. 
The highest drug concentration used was 5 »g/ml which is fifty times higher than the 
one which produced decreases in glucose uptake and in the glucose concentration in 
the worm. 

Uptake of glucose by 7. vulpis and the concentration of free glucose in the nematode 
were decreased also by another cyanine dye, 1-ethyl-3 :6-dimethyl-2-phenyl-4- 
pyrimido-2-cyanine chloride. The inhibitory effects of this dye were much weaker and 
considerably higher concentrations were required. Furthermore, in contrast to 


dithiazanine, the actions of this cyanine dye were reversible. 


TABLE 9. EFFECT OF DITHIAZANINE ON GLUCOSE UPTAKE BY Trichuris vulpis 


(Atmosphere: 5°,, CO,, 95°,, N,, 37 °C) 


Dithiazanine 


concentration Glucose uptake («1 moles*) 
during first day* 
(ug/ml) Ist day 2nd day 3rd day 

0-66 0-63 0-61 

0-77 0-65 0-69 

0-68 0-65 0-68 
0-1 0-60 0-42 0-46 
0-1 0 48 0 35 0 33 
01 0-55 0-35 0-28 
0-15 0-42 0-38 0-30 
0-15 0:56 0:26 0-22 
0-2 0-48 0:36 0:27 
0-2 0-40 0-22 0-16 
0-2 0-44 0:29 0-14 


* These worms were incubated for 24 hr in a medium 
containing dithiazanine and then transferred to the drug- 
free basic medium which was used throughout for the con- 
trol worms 

* Per mg worm wet wt. 


DISCUSSION 

Since 7. vulpis survives in vitro for considerably longer periods of time in an atmos- 
phere of 5 per cent CO, in nitrogen than in one containing the same concentration of 
CO, in air or oxygen, it is evident that the energy required by 7. vulpis is provided by 
anaerobic, rather than by aerobic, metabolism. The possibility that hydrogen peroxide 
produced during respiration may have a deleterious effect can be ruled out because 
catalase activity of the worms is far in excess of the rate of oxygen uptake. Therefore. 
even if all dehydrogenation reactions were mediated by a terminal electron acceptor 
catalyzing the production of hydrogen peroxide, the latter would be decomposed as 
soon as it was formed. It is doubtful whether hydrogen peroxide is a respiratory 
product of 7. vulpis formed by a terminal flavoprotein, because cytochrome c and cyto- 
chrome oxidase activities are sufficiently high to mediate the respiration of the worm. 
The presence of the cytochrome system and of a cytochrome c linked succinoxidase 
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system distinguishes 7. vu/pis from two other nematodes, Ascaris /umbricoides and 
Litomosoides carinii, in which the cytochrome system could not be detected,” and 
from Schistosoma mansoni in which cytochrome c and cytochrome oxidase activities 
account for less than 10 per cent of the oxygen taken up by this trematode.” Since 
the habitat and metabolism of the adult whipworm are essentially anaerobic, the cyto- 
chrome system in this organism may play no physiological role, but may have been 
carried over from a previous, aerobic, stage in the life cycle of the nematode 


Tas_e 10. EFrect OF DITHIAZANINE ON THE CONCENTRATIONS OF GLUCOSE, ATP AND 


rOTAL CARBOHYDRATE IN Trichuris vulpis 
(Atmosphere: 5°/, CO,, Ny, 37 °C) 


tion 
Dithiazanine Glucose ATP 
(ng mi) (amoles*) (aumoles*) 
5.49 


R35 


0-1 0-92 0-36 


For the first 24 hr the worms were incubated in a dithiazanine containing 
medium. At the end of this period they were transferred into a dithiazanine- 
free medium and incubated for another 24 (experiments 3 and 4) or 48 


(experiment 5) hrs 
* Per g wet wt 

The marked effect of CO,, in increasing the period of survival of 7. vulpis, in vitro, 
and in enhancing, as well as maintaining, the rate of glucose uptake, may be due to 
mechanisms for CO, fixation which are essential to the functional integrity of the 
worm. The high CO, tension prevailing in the intestinal tract and contents of the 
host”*-*° insures the availability of this gas to the parasite in its natural habitat 
CO, is known to be a growth factor for some micro-organisms.**~*” Furthermore, 
highly active systems for CO, fixation have been demonstrated in two intestinal 
nematodes, Heterakis gallinae“ and Ascaris lumbricoides.” In these organisms CO, 
condenses with pyruvate eventually giving rise to succinate. Unpublished observations 
of two of the authors (E.K. and E.B.) have indicated that from 10 to 15 per cent of the 
carbohydrate utilized by 7. vulpis is converted to succinate. Should this be confirmed, 
CO, fixation may be prevalent in this nematode also. In addition, propionate is a 
ermentation product of 7. vulpis. It has been demonstrated that in muscle strips of 
{scaris, propionate is formed by the decarboxylation of succinate.” Should a similar 
reaction account for the formation of propionate by 7. ru/pis, at least 25 per cent of 
the carbohydrate utilized by this parasite would be metabolized through pathways 
involving CO, fixation 

An inhibition of glucose uptake by 7. vulpis was observed with concentrations of 


dithiazanine which produced no change in the motility of the worms. Therefore this 
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biochemical effect is not secondary to, but precedes the anthelmintic action of the 
cyanine dye. If this decrease in the uptake of glucose was due to an inhibition of one 
or of several enzymes concerned with the intracellular metabolism of carbohydrate 
there should be an accumulation of glucose within the worm. However. the reduction 
of glucose uptake produced by dithiazanine was associated with a marked decrease 
in the concentration of free glucose in the worm. Therefore it is apparent that dithiaz- 
anine interferes with the uptake of glucose from the medium. rather than with its 
utilization. Reduced availability of exogenous glucose due to an inhibition of the 
transport of this sugar into the parasite should increase the utilization of endogenous 
carbohydrate reserves. This is consistent with the marked dec rease in the concentra- 
tion of the total carbohydrate of the worms which had been incubated with dithiaz- 
anine, indicating again that dithiazanine did not interfere with the intracellular utiliza- 
tion of carbohydrate. Furthermore, even high concentrations of dithiazanine had no 
inhibitory effect on the activity of hexokinase in homogenates of 7. rulpis: therefore. 
the cyanine dye did not inhibit the phosphorylation of glucose present in the parasite 
It is concluded that the depletion of the carbohydrate reserves is secondary to the 
decreased availability of exogenous glucose due to interference by dithiazanine with 
the transport of this sugar into the worm. This circumstance, in turn, leads to a 
decrease in the rate at which energy-rich phosphate bonds are formed, and accounts 
for the reduction in the concentration of ATP in the parasite. Owing to these changes 
in carbohydrate metabolism brought about by dithiazanine, the supply of energy 
required for survival is decreased and ey entually should become inadequate, resulting 
in the death of the worm. 

The biochemical effects of dithiazanine on T vulpis are irreversible, since they per- 
sist and become even more pronounced after exposure of the worms to the cyanine 
dye has been discontinued by transfer into dithiazanine-free medium. This property 
is In agreement with the observed irreversibility of the chemotherapeutic action on 
Trichuris trichiura after oral administration of the drug.! 

It is not known whether glucose enters T. vulpis through the cuticle or via the ali- 
mentary canal. In the latter eventuality the possibility should be considered that 
dithiazanine interferes with the intestinal absorption of glucose. 

Ihe biochemical effects of another cyanine dye (CC no. 863) qualitatively were 
similar to those of dithiazanine, but. higher concentrations were required to obtain 
these effects, which proved to be reversible in the case of this particular dye. The 
latter cyanine is one of the most potent ones with regards to its ability to inhibit 
oxygen uptake of L. carinii.”. * Thus, there is no parallelism between these two types of 
effects of cyanines on helminths: in fact, two unrelated mechanisms may be involved. 
It remains to be determined which particular structural characteristics confer to a 
cyanine dye high activity and irreversibility for the inhibition of glucose transport in 
I. vulpis. Furthermore, the question arises whether there exists a relationship between 
the inhibitory effects of cyanines on glucose transport in 7. vulpis and those on the 
active transport of organic bases across renal tubuli reported by Peters et a/.**-4* 

Among helminths, considerable differences in biochemical characteristics have been 
encountered, even among species which are closely related to each other morpholo- 
gically and Although 7. trichiura, the hipworm invading man, 
and 7. vulpis are equally susceptible to the chemotherapeutic actions of dithiaz- 
anine,’: ** investigations of the effects of this cyanine dye on 7. trichiura are required 
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in order to ascertain more definitely whether inhibition of glucose transport accounts 
for the anthelmintic action of dithiazanine in human trichuriasis. 
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Abstract—(1) Amino-oxyacetic acid has been found to be a potent inhibitor of the 


enzyme y-aminobutyric acid-a-ketoglutaric acid transaminase derived both from E. col 
and mammalian brain 
(2) The nature of this inhibition has been demonstrated to be strictly competitive 


(3) Amino-oxyacetic acid has also been demonstrated to inhibit the transaminase in the 


brains of several species of animals causing marked elevations in the brain concentra- 


tions of y-aminobutyric acid 
(4) An assay method for y-aminobutyric acid was developed using naturally occurring 
“aminobutyric acid-a-ketoglutaric acid transaminase and succinic semialdehyde 


dehydrogenase derived from E. coli 


THERE is abundant evidence extant'~* that y-aminobutyric acid (GABA) is found in 
remarkably high concentrations in the central nervous system and that it may have an 
important physiological role in the transmission of certain types of nervous impulses 
Administration of GABA in massive intravenous doses does not cause an elevation in 
brain concentrations of this amino acid, presumably because GABA does not cross 
the blood-brain barrier in appreciable quantities. Thus, it has been difficult to eluci- 
date the effects of increased concentrations of GABA in the brains of intact animals. 
Roberts and Frankel*: ° demonstrated that GABA is formed in brain by the decarb- 
oxylation of glutamic acid. Subsequently, as shown by Bessman ef a/.* and Roberts 
and Bregoff’, GABA transaminates with a-ketoglutaric acid (KGA) to form 
glutamate and succinic semialdehyde. As this is the principal pathway for the degrada- 
tion of this amino acid in brain, inhibition of this transamination step should result in 
increased brain concentrations of GABA. Baxter and Roberts* have reported that 
such an inhibition can be induced with suitable doses of hydroxylamine, approximately 
doubling the concentration of GABA in the brain of rats 

rhis report is concerned with the enzymic and some of the physiological properties 
of a much more potent inhibitor of this enzyme, namely amino-oxyacetic acid (AQAA) 
(H,N.O.CH,.COOH) and its effects on the levels of GABA in the brain in various 
species of animals. 
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EXPERIMENTAI 


Vaterial and methods 
When this study was initiated it was realized that the GABA-KGA transaminase 
found in brain of most species is not a very active enzyme compared to the same 
transaminase from bacterial sources. It is also more labile to freezing and thawing. 
When the brain transaminase is isolated from acetone powders it is usually con- 
taminated with free a-amino acids which chelate copper. These interfere with the 
copper chelation method of Baxter and Roberts’, which is the most rapid method 
currently available for the estimation of glutamic acid. Thus, it was felt that the brain 
enzyme Was a poor one to employ tn testing potential inhibitors. Baxter and Roberts” 
reported that £. coli, strain E-26 had a very active GABA-KGA transaminase. An 
gation of this and other strains of E. coli showed that a number of them had the 
required enzyme and one strain, ATCC-26, when grown in nutrient broth (Difco), 
was superior ther strains for this transaminase activity. This organism was also 
found to have a very active succinic semialdehyde dehydrogenase. Jakoby and Scott!” 
described a coupled 
from Pseudomonas } escens ATCC 13,430, grown on a synthetic medium rich in 
pyrollidine, could be used in an assay for either GABA or KGA by following the 


reduction of TPN at 340 mu. The naturally occurring enzymes in £. coli ATCC-26, 


ystem in which these two enzymes, isolated as adaptive enzymes 


when isolated in the manner to be described, can be used either as a coupled system 


lor the assay of GABA, or for transaminase activity alone, when testing the activity 


in vitro of potential inhibitors 
The organism is grown on 10-ml slants of nutrient agar (Difco) and is transferred 


monthly to fresh slants. When a batch of cells is to be grown, 6 |. of nutrient broth 
(Difco) are divided into 150-ml aliquots in 500-ml shake flasks and autoclaved. When 
cool, the flasks are seeded with a suspension of organisms from a slant and are then 
shaken at 250 rev/min at from 28 to 29 ‘C for from 16 to 18 hr. Good growth should 
be evident at this time. The cells are harvested by centrifugation and washed twice in 

10 vols. of cold saline, after which they are frozen. The usual yield of cells is 


Irom 17 to 18 g. When frozen, the cells may be stored indefinitely without loss of 


enzymic activils 
When desired, the cells are thawed and washed once in 10 vols. of 0-1 M potassium 


shosphate buffer, pH 7-35, containing 0-01 per cent 2-mercaptoethanol. The cells are 
of this buffer and are treated for 30 min at from 0 to 3 °C 


then resuspended in | vol 
in a Raytheon sonic oscillator.* The preparation is centrifuged for 20 min at 
12,009 ¢g in order to remove cellular debris and unbroken cells. The supernatant 
fluid is then adjusted to a protein concentration of from 65 to 75 mg/ml and is desig- 
nated Ey. This crude extract has contaminating enzymes which react with compounds 
in brain other than GABA to cause a reduction of TPN. This makes accurate assays 
impossible without further purification 

In the fractionation scheme to be described, all volumes refer to the initial volume 
of sonicate taken for fractionation. To 15 ml of the crude sonicate, 0-05 vols. of 1 M 
MnCl, are added dropwise and with good mixing. The precipitate of nucleic acid which 
forms is removed by centrifugation and discarded. To the supernatant solution are 


added dropwise and with rapid mixing 0-8 vol. of cold saturated ammonium sulfate 


The machine used ts rated at 200 W and 10 kc. The power supply was set at a current output 
or 
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solution adjusted to a pH of 7-4 (measured at a 1:10 dilution in water at room tem- 
perature). The precipitate is removed by centrifugation and discarded. To the super- 


natant fluid is added | vol. of the ammonium sulfate solution (pH 7-4). The precipitate 


is collected by centrifugation and dissolved in 1 vol. of 0-1 M potassium phosphate 


buffer, pH 7-35, containing 0-01 per cent 2-mercaptoethanol. This fraction contains 


the desired enzymes. The yield is from 60 to 70 per cent of the initial activity of the 


sonicate, with a 1-5- to 2-fold purification. 


[he components of the mixture used in the determination of enzyme activity which 


are added to a Beckman DU cuvette. are as follows: 6 umoles of GABA: 5 umoles of 


2-mercaptoethanol; 6 «moles of a-ketoglutaric acid: 600 umoles of tris buffer, pH 


8-35; 1 mg of TPN; enzyme: water to a final volume of 3 ml. (An enzyme unit is 


arbitrarily defined as that amount of enzyme which will induce an OD change of 


0-001 unit per min. under specified conditions of assay.) 


The contents of the cell are well mixed and a reading at 340 my is immediately 


taken against a blank containing all the components except GABA. Readings are 


taken at |-min intervals for 5 min at room temperature. Over this period of time, with 


limiting amounts of enzyme, the reaction is linear and zero order. The reading taken 


at Zero time is subtracted from the reading taken at 5 min, and the corrected reading 


divided by 5 indicates the units of OD change per minute. Calculations of specific 


activity of the enzyme, total units, and per cent recovery may then be made. As 


isolated, the purified preparation contains from 18 to 20 mg of protein and approxi- 


mately from 2500 to 3000 units per ml. One-tenth of a milliliter of this preparation is 


more than adequate to assay samples under the specified conditions within a range of 
concentration of from 0-1 to 0-6 «moles of GABA. On known GABA standards made 
up in ethanol-water (75:25, v/v), the error of the assay is less than 3 per cent. The 
method is sensitive to 0-05 umoles of GABA. 

Chis preparation has a pH optimum of 8-2 to 8-4. The specificity of the system has 


not been extensively studied, but there is no reduction of TPN when glycine, ornithine, 


-alanine, butyronitrile, 4-methylaminobutyric acid, or 2-hydroxy-4-aminobutyric 


acid are added. Tissues other than brain do contain one or more compounds which are 


extractable with the aqueous ethanol and which cause a slight reduction of TPN in the 


system. Chromatographic examination of these extracts has not revealed the presence 


of GABA, and the concentrations of these compounds remain unaffected by doses of 


AOAA which cause from four- to five-fold increases in the amounts of GABA in the 
brain 
[he preparation is stable when frozen and may be kept in this state for at least a 


month without appreciable loss of activity. With multiple freezing and thawing, 


however, there may be some loss of activity and it is well to run a calibration curve on 


known standards before attempting to use the preparation for tissue assays. 


Brain samples are prepared for analysis essentially in the manner described by 


Roberts and Frankel'. Small animals are decapitated and large animals are sacrificed 


by intravenous injections of magnesium sulfate. The brains are rapidly removed and 


frozen in dry ice, after which they are blended in 10 vols. of ethanol—water (75:25) in 


a micro-head of a Waring blendor. One minute is usually sufficient for from | to 3 g 


of tissue. The homogenate is centrifuged at 5000 ¢ and a 10-ml aliquot of the clear 


supernatant fluid is then dried in vacuo. The residues, when dissolved in 0-1 vol. of the 


aqeuous ethanol, are ready for assay. Frequently it is not possible to dissolve all of 
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the dry residue, but it appears that all the GABA present in the sample goes readily 
into solution. Of this solution, the usual aliquot which is added to the cuvettes for 
analysis is 0-05 ml 

It must be pointed out that the enzyme preparation is contaminated with a small 
amount of alcohol dehydrogenase. Also, the system is inhibited to some extent by 
ethanol. To compensate for this it is necessary to include in the blank the same volume 
of the aqueous ethanol as is added with the brain samples. The components added to 
the cuvettes for tissue determinations are the same as given for the estimation of 
enzyme activity, with the obvious omission of GABA. 

While the system described could be used for screening compounds, the discovery 
of an inhibition would require the demonstration that the transaminase and not the 
dehydrogenase was the affected enzyme. For this reason the preparation was used for 
its transaminase activity alone when testing potential inhibitors. The test system which 
is the same as that used by Baxter and Roberts’, is composed in the following manner. 
Into 15-ml conical glass centrifuge tubes are added: 40 pzmoles of GABA: 40 xmoles of 
KGA; 50 «moles of sodium borate buffer, pH 8-2; enzyme sufficient to form from 
3 to 4 umoles of glutamate per hour: water to a final volume of 1-5 ml. 

[he test compounds were made up in 0-2 M sodium borate buffer, pH 8-2, at a 
concentration of 0-1 M, and 0-1 ml was added to the tubes. Appropriate enzyme and 
substrate blanks were included, as well as blanks for each compound tested. The 
contents of the tubes were well mixed and placed in a water bath at 38 °C for 30 min, 
after which they were removed from the bath and chilled. The reaction was stopped by 
the addition of 0-5 ml of 25 per cent trichloroacetic acid. The analysis for glutamic 
acid was carried out in the manner described by Baxter and Roberts’. 

When an inhibitor of the transaminase was found it was titrated in decreasing 
concentrations to determine its potency. Confirmation of inhibition was obtained 
from chromatograms developed in a descending front with phenol—water (88:12) as the 
developing solvent. The strips were usually left in the tanks for a 24-hr period and then 
dried in an oven at 80° C for | hr. The strips were sprayed with a | per cent solution 
of ninhydrin in butanol and again heated for 30 min in the oven to develop the color. 

When a promising inhibitor was disclosed with the E. coli transaminase. it was 
administered intravenously to rats at several different doses. The intravenous route 
was used to obviate any difficulties which might be encountered with absorption. The 
rats were then held for a minimum of 4 hr before they were sacrificed for determina- 


tions of GABA in the brain 


RESULTS 


Amino-oxyacetic acid (AQAA) was found to inhibit the bacterial transaminase 


100 per cent at a concentration of 3-3 x 10-4 M and 40 per cent at a concentration of 
3-3 10-* M. It has no effect on the bacterial succinic semialdehyde dehydrogenase 
at concentrations of 3-3 10-2 M. 


When the brain transaminase was tested under similar conditions, it was inhibited 
92 per cent at a concentration of AOAA of | 1O-> M. 

When AOAA was tested in rats, in the manner described, it was apparent that the 
compound, in spite of being a strong acid and completely ionized at physiological 
PH levels, crossed the blood-brain barrier in amounts sufficient effectively to inhibit 
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brain GABA-KGA transaminase. This was reflected in the increased concentrations 
of GABA which were observed. In Table | are shown the brain GABA levels which 
resulted from administration of AOAA at various doses in five species of animals. 
While there was a definite accumulation of GABA in all species, the dog proved to be 


most refractory and unpredictable in its response. The guinea pig, while not extensively 


Studied, was most sensitive to the toxic effects of AOAA. 


DOSE OF AMINO-OXYACETIC ACID AND RESULTING GABA LEVELS IN FIVI 


TABLI 


SPECIES Of 


ANIMALS 


Interval 


e Dose of Route of before GABA in Number of 
2 Species AOAA administration sacrifice brain animals group 
(mg, kg) (hr) («~moles/g) 


Rat none 2°5 2 
Rat 6°25 5-5 2-5 2 
Rat 12-5 5-5 5-2 2 
Rat 25 2 
Rat 50 iv 5-5 10-0 2 


Rat none 4:4 2 

Rat 25 oral 6 3-7 2 
c Rat 50 oral 6 4:3 2 - 
Rat 100 oral 6 4:7 2 = 


oral 


Rat 


Rat 6:25 subcut 6 5-6 2 . 
Rat 12-5 subcut 6 7°6 2 
Rat 25 subcut 6 10-5 2 
Rat 50 subcut 6 10-8 2 


4d 


Mouse none 2 


Mouse 6°25 subcut 6 7-3 5 
Mouse 12-5 subcut 6 s-6 5 
Mouse 25 subcut 6 13-0 5 ‘ 
Mouse 50 subcut 6 12-2 5 


Cat none 1-9 l 
Cat 10 subcut 6 3-0 | 
Cat 20 subcut 6 5-¢ | 
Cat 30 subcut. 6 10-2 l 


Guinea pig none 2-6 2 
Guinea pig 10 subcut 6 7-7 2 
Guinea pig 20 subcut 6 9-2 2 


Dog none subcut 4 1-7 
Dog 50 subcut 4 2-0 l 
Dog 100 subcut 4 5-0 | 


As shown in Table 2, the peak levels of GABA which were reached in from 6 to 8 hr 
were followed by a slow decline. Twelve hours after administration of the inhibitor 


the brain levels in the rat, mouse, cat, and guinea pig were markedly elevated, as 
compared to those of the controls. Even 24 hr after dosage with AOAA, there was 


still some elevation of GABA in these species. 

Gross physical effects seen following administration of AOAA were qualitatively 
similar in all species studied. In those animals able to do so, i.e. the cat and dog. 
there was usually some emesis; this occurred shortly after either oral or parenteral 
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administration. Then there ensued a gradual sedation and paralysis of the skeletal 
musculature. There was no marked analgesia or anesthesia as the animals, except 
when under very high doses, could be aroused. The palpebral, corneal, pinna and 
nasal reflexes were present even when the animals were very markedly sedated. These 
effects persisted for 12 hr or more, after which the animals returned to normal. All 
gross signs of the toxicity of AOAA disappeared within 24 hr. 


TaABLe 2. Time CURVES OF GABA LEVELS FOLLOWING THE ADMINISTRATION OF AMINO- 
OXYACETIC ACID IN FIVE SPECIES OF ANIMALS 


Interval 
Dose of Route of before GABA in Number of 
(mg kg) administration sacrifice brain animals, group 
(hr) (umoles/g) 


none 


Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 


4 
3 
3 
5 


al 
at 
at 
at 
at 
al 
al 


Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 


Guinea pig 
Guinea pig 
Guinea pig 
Guinea pig 
Guinea pig 
Guinea pig 
Guinea pig 
Guinea pig 


DRAM 


‘4 a 
a 
— 
a 
4 
Rat 
Rat 3 
4 Rat 37 = 
Rat 37 
Rat 37 
Kat 50 $.c 1 1 “ig 
4 Rat 50 S.C ? 40 
Rat 50 4 6-2 
: Rat 50 6 8-0 196¢ 
Rat $.c 8 7 
Rat 50 12 7 
Rat 50 24 3 
Mouse none 2 5 
0 $.c | 2? 5 
none S.C ] l 
2-6 ? 
- 
54 
11-5 
13-8 
11-6 
9-6 
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Mechanism of inhibition 

As the E. coli transaminase had served as a valid model for the brain enzyme in 
vivo, kinetic studies were conducted with this preparation. In order to decrease the 
reaction rate, the pH was decreased from 8-2 to 7-4 and the temperature of the incuba- 
tion was decreased to 30 °C. Under these conditions the reaction was linear and 
zero order over a 15-min period. The reaction was then run at seven different con- 
centrations of GABA and four different concentrations of AOAA, in addition to a 
set of controls run at seven different concentrations of GABA in the absence of inhibi- 
tor. When the reciprocals of substrate concentration were plotted against reciprocals 
of velocity, in the manner described by Lineweaver and Burk!" the intercept of the 
slopes remained constant, but the slope was increased by (1 + J/K,) with increasing 
concentrations of inhibitor, a finding which demonstrates that the inhibition was 
competitive. The calculated Michaelis-Menten constant (KX,,,) for GABA was 2-76 
10~*, indicating a rather low affinity of the enzyme for GABA. On the other hand. the 
K, for AOAA under these conditions was 7-52 10-*. The ratio between these two 
values is greater than 3600, which indicates that there is a rather remarkable difference 
between the affinity of the enzyme for the inhibitor, as opposed to its natural sub- 
strate, GABA. 

These experiments were repeated at seven different concentrations of a-keto- 
glutaric acid and three different concentrations of AOAA, together with appropriate 
controls. The calculated K,, for KGA was 9-66 « 10-*, and the K, under these con- 
ditions was 9-16 « 10~*. This value is in reasonable agreement with the preceding 
10-*.* 


/ 


value of 7°52 


DISCUSSION 


Welch and Bueding” and Hunter and Lowry" in their discussions of effects of drugs 
on enzymes, concur on three important criteria which must be met before an enzyme 
inhibition observed in vitro may be said to occur in vivo. These points are: (1) there must 
be definitive proof that the inhibitor is selectively inhibiting the same enzyme in experi- 
mental animals, (2) in animals this inhibition must occur at approximately the same 
concentration of inhibitor as that observed in vitro, and (3) a direct relationship 
between increasing concentrations of inhibitor and observable effects relative to an 
increasing degree of inhibition of the enzyme must be demonstrable. 

In this instance of brain y-aminobutyric-a-ketoglutaric acid transaminase, these 
criteria have all been met. With regard to the first point, inhibition of this trans- 
aminase in vivo should result in increased concentrations of brain GABA. That this 
occurs has been demonstrated by a highly specific enzyme assay system, and also by 
paper chromatograms. 

The second postulate is more difficult to assess, because as the inhibition is strictly 
competitive in nature, the degree of inhibition of the enzyme will be a function of 
absolute amounts of enzyme and substrates relative to concentrations of inhibitor. 
Under the conditions of assay used for testing compounds, in which substrate con- 
centrations are far in excess of those found in vivo, and in which a transaminase 
preparation from cat brain is used, a 92 per cent inhibition of the enzyme was observed 

* The author wishes to express his gratitude to Dr. E. R. Garrett, of the Department of Physical 


and Analytical Chemistry of The Upjohn Company, for his generous help in calculating these 
constants. 
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at an AOAA concentration of | 10-* M. G. R. Zins, of these laboratories, in as yet 
unpublished studies with “C-labelled AOAA observed concentrations of | 10° M 
of this compound or its metabolites in the brains of rats within | hr after intravenous 
administration of a dose of 20 mg/kg. If the inhibitor were present entirely in 
unchanged form at the site of the enzyme, with the markedly lower substrate con- 
centrations present, this level of AOAA should induce complete inhibition of the 
enzyme. That a very marked inhibition at this dose does in fact occur may be derived 
from the data of Table 1, which show that an intravenous dose of 25 mg/kg of AOAA 
to rats caused at least twofold increase in brain GABA 

The data of Table | also fulfill the third criterion by demonstrating that in several 
species there is an increasing accumulation of GABA with increasing doses of AOAA 

So far in this discussion only one aspect of the effects of AOAA has been dealt 
with, namely its luence as an inhibitor of GABA-KGA transaminase in vivo 
When AOAA is g in toxic doses to all species of animals studied, convulsions are 
observed which terminate in a respiratory death. These effects cannot be attributed 
solely to the inhibition of GABA-—KGA transaminase. Preliminary observations show 
that the free amino acid profile in livers of dogs is markedly altered by a convulsive 
dose of AOAA and thus other enzymes are probably affected. A dilemma is therefore 
posed as to what effects in the intact animal are caused by increasing cerebral concen- 
trations of GABA as opposed to other and unrelated actions 

One result of inhibiting GABA-—KGA transaminase, possibly of great importance, 
iS a Concomitant decrease in synthesis of succinic semialdehyde which would follow 
irom increasing concentrations of brain GABA. As GABA and succinic semialdehyde 
are the only compounds unique to the GABA pathway, some of the gross effects 
observed in intact animals could well be attributed to this reciprocal effect. The 
importance of GABA in relationship to succinic semialdehyde, and the discrete role 
of succinic semialdehyde in brain have yet to be elucidated 

There is a marked discrepancy between the effects of hydroxylamine on GABA 
levels in rats, as reported by Baxter and Roberts*, as contrasted to the effects seen 
with AOAA. With hydroxylamine, peak levels of GABA are observed within from 
| to 2 hr after ad istration compared to peak levels of GABA observed at from 
6 to 8 hr with AOAA. The kinetics of inhibition by hydroxylamine have not been 


described but the work of Baxter and Roberts” is strongly suggestive that the inhibi- 


not competitive but is due to oxime formation between hydroxylamine and 


phosphate on the active surface of the enzyme. With mammalian GABA 
ransaminase preparations, these authors observed that inhibition of the 
une could be reversed by increased concentrations of pyri- 
m of the mammalian enzyme by AOAA cannot be reversed 
ite. Thus hydroxylamine and AOAA apparently inhibit the 
rent mechanisms, which may be the reason why the results on 

lerent 
The observations presented in this report delineate one important physiological 
property of GABA. It has not been possible to demonstrate GABA in the cerebro- 
spinal fluid of normal dogs or of dogs treated with AOAA, in which it was possible 
to show a markedly elevated brain level of GABA. It appears, therefore, that GABA 
is confined to the brain cells, because if appreciable quantities left the cells, one would 


expect the amino acid to appear in the cerebrospinal fluid. These results also suggest 
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that GABA is not utilized at extracellular sites. Inhibition of the transaminase should 
favor other reactions in which GABA may be involved, but the very high levels of 
GABA which are attained in most species following inhibition of the transaminase. 
and the length of time during which these concentrations are maintained, point to the 
conclusion that the transaminase reaction and subsequent pathway are the principal 
route for the utilization of GABA. 
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COMPOUNDS FOR ESTERASE INHIBITION IN MICE 


J. E. Casipa 
Department of Entomology, University of Wisconsin, Madison, Wisconsin, U.S.A 
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Abstract wty-three substituted pheny! phosphorus compounds were studied in 
relation t c e esterase inhibition in mice, ability to potentiate the toxicity of mala- 
thion, and bolic conversion to more active antiesterase agents. The malathion 
potenti n and the degree of in vivo inhibition of the aliphatic esterases hydrolyzing 
malathion were generally related. A similarity appeared among compounds containing 
the e-methy ul and p-ethylpheny! groupings in their activity for producing neuro- 
toxicity in he wctivity as recorded in the literature) and for potentiation of malathion 
in mice. However, several compounds lacking the o-methyl- and o-ethypheny! groupings 
were quite selective aliphatic esterase inhibitors and were active in malathion potenti- 
ation in mice but did not yield a neurotoxicity with hens. The most active potentiator 
of malathion by the assay method used was di-o-tolyl mono-p-toly! phosphate. Metabolic 
activation to ore potent esterase inhibitors was demonstrated for many aryl 


phosphates containing alkyl substituents in several positions on the phenyl group 


TRI-ARYL PHOSPHATES are widely used as plasticizers, solvents, flame retardants, 
additives to extreme pressure lubricants and as lead scavengers in gasoline. The 
activity of tri-o-cresy! phosphate (TOCP) and certain other substituted pheny! phos- 
phates in the production of a neurotoxicity characterized by peripheral and central 
although the mechanism 


demyelination in certain vertebrates is well established,' 
of this action is not clear.*~*: *-" TOCP, presumably through the action of meta- 
bolites,®: = is a highly selective in vivo inhibitor of certain aliphatic esterases and 
Formation of active antiesterases from TOCP 
occurs in vivo.’ * and can be effected by liver slices in vitro® and presumably by a rat 
liver soluble plus microsome system fortified with diphosphopyridine nucleotide 
and magnesium ions.'* Another unusual biological activity displayed by TOCP'*: *° 
and its thiono analog®® is an ability to potentiate the toxicity to rodents of mala- 
thion'®: 2° and certain other carboxyester and amide-containing organophosphates.*” 
rhis potentiation presumably depends on the selective inhibition by TOCP metabolites 
of esterases involved in the detoxification of the potentiated compounds.'®: *° It has 
been suggested that agents capable of inhibiting hydrolytic detoxification might 
render people hypersensitive to the toxic effects of certain ester-type drugs.” 

The specificity of tri-aryl phosphates and related compounds was further investi- 
gated with mice in relation to their conversion to more potent anti-esterase agents, 
in vivo and in vitro specificity in esterase inhibition, and ability to potentiate the 
toxicity of malathion. Since evidence is available that the organophosphate-induced 


ataxia in chickens may result from an esterase inhibition, the structure—activity 


relationship for this ataxia as reported in the literature is compared with that for 


esterase inhibition in mice. 


Biochemical Pharmacology, 1961, Vol. 5, pp. 332- Bs: 
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METHODS AND MATERIALS 
Compounds 

The substituted phenyl phosphorus compounds studied and their sources are 
indicated in Table |. All compounds were used as received without further purification 
and the results should therefore be comparable with other studies*: *- 22 where these 
same materials were used. Malathion (O:O-dimethyl-S-(1:2-dicarboethoxyethyl)- 
phosphorodithioate) was a sample of 96 per cent purity provided by the American 
Cyanamid Co., Stamford, Connecticut, U.S.A. 


Treatment of mice 

Twenty-five-gram female white mice from the Rolfsmeyer Farms (Madison. 
Wisconsin, U.S.A.) were treated intraperitoneally while under light ether anesthesia 
Corn oil solutions of the phosphates were used, and in certain cases it was necessary 
to warm the corn oil to effect solution of the phosphorus compound. Injection volumes 
were 0-125 ml per 25-g mouse for the substituted phenyl phosphates and 25 yl per 
25-g mouse for malathion. 

A standard 100 mg/kg dosage of triaryl phosphate was administered 24 hr prior to 
either sacrifice of the mice for esterase activity assays or treatment with malathion 
for toxicity potentiation studies. Control mice were treated with corn oil only. None 
of the aryl phosphorus compounds produced any mortality or symptoms of poisoning 
within 3 days after injection of this 100 mg/kg dosage. Twenty or more mice were 
used in determining the toxicity of malathion administered 24 hr after each of the 
aryl phosphates. LD,;,) values as mg toxicant per kg mouse were estimated from 
logarithm—probit mortality plots. The LD,, 24 hr after administering malathion was 
about 1500 mg/kg with control mice and from 59 mg/kg to greater than 1200 mg/kg 
for mice pretreated with the aryl phosphorus compounds. 


Enzyme determinations 

Mouse tissues were removed rapidly following sacrifice. Heparinized blood was 
diluted 1:4 with bicarbonate buffer (00357 M NaHCO, and 0-164 M NaCl) and 
centrifuged to separate the corpuscles which were discarded. This 1:4 diluted plasma 
was used at 0-4 ml for assay with malathion as a substrate and at 0-1 ml with propiony! 
choline as a substrate. Homogenates of whole brain or liver were prepared at 20 per 
cent w/v in bicarbonate buffer with a Potter-Elvehjem type glass homogenizer and 
0-4 ml homogenate was used for assay with each of the substrates. 

Esterase activity was determined indirectly by CO, evolution from a bicarbonate 
buffer (00357 M NaHCO, and 0-164 M NaCl) in an atmosphere of 5 per cent CO, 
and 95 per cent N, at 38 °C in 10-ml Warburg flasks. The enzyme source in 0-40 ml 
was usually added to the side arm of the flask, and the substrate in 1-60 ml to the main 
compartment. The enzyme with or without added inhibitor was incubated for 20 min 
at 28 °C and 40 min at 38 °C before tipping to mix it with the substrate. 

The esters at 0-0125 M were added in 1-60 ml to the main compartment of the flask 
so that the final concentration after tipping the enzyme was 0-01 M. Solutions of 
acetyl-8-methylcholine chloride, propionylcholine-p-toluene sulfonate (PrCh) and 
acetylthiamine chloride hydrochloride were prepared directly in the bicarbonate 
buffer. Emulsions of tributyrin and 96 per cent pure malathion and a suspension of 
testosterone propionate (test. pr.) were prepared by adding Triton X-100 (Rohm and 
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Haas Co., Philadelphia, Pennsylvania, U.S.A.) in acetone to dissolve the ester, 
evaporating the solvent and then adding the buffer with thorough mixing to yield a 
final concentration of 1-1 mg/ml Triton X-100. An emulsion of tocopherol acetate 
(toc. ac.) was prepared in the same manner except that 5-5 mg/ml Triton X-100 were 
used. For tissue blanks the substrate was replaced with buffer, and for substrate 
blanks the tissue was replaced with buffer. The high emulsifier level apparently caused 
no interference in the assays 

The by, values («ul CO, liberated/30 min) under the assay conditions for the brain 
tissue were 113 with acetyl-8-methylcholine, 239 with tributyrin and 49 with acety! 
thiamine; for the plasma were 50 with malathion and 75 with propionylcholine: and 
for the liver were 64 with malathion, 68 with tocopherol acetate and 53 with testo- 
Sterone propionate 

For assay of the inhibitors in vitro, the aryl phosphates were added in acetone solu- 
tions to the side arm of the Warburg flask, the acetone evaporated and the enzyme 
preparation added. After mixing to aid solution of the inhibitor and enzyme in the 
side arm, the concentration of the aryl phosphate was from | 1lO-* to | lO-7M 
All concentrations stated for inhibitors are those during the inhibition reaction and 


not during the assay of the esterase 


Vetabolism to mor ent esterase inhibitors 

The ability of suitably fortified liver fractions to metabolize the aryl phosphorus 
compounds was investigated. Immediately after removing the liver from mice or 
chickens, 14 per cent (w/v) homogenates in cold 0-05 M potassium phosphate buffer 
at pH 7-0 were prepared in a chilled glass homogenizer. After preliminary centrifuga- 
tion at 15,000 ¢ for 30 min at 2 C to remove the cell debris and mitochondria, 
the supernatant was recentrifuged for 60 min at 105,000 ¢ and 2 C. The supernatant 
from this 105,000 g¢ centrifugation was designated the “soluble” and the precipitate 
the “microsome” fraction. The microsome fraction was reconstituted with similar 
phosphate buffer to the original homogenate volume. A single study was made 
using the chicken spinal cord with a similar fractionation procedure 

The aryl phosphorus compound in acetone was added to a 25 ml Erlenmeyer 
flask and the solvent evaporated to leave a residue of 0-2 ~moles aryl phosphate 
on the bottom of the flask. To this flask was then added 0-33 ml, 0-05 M, pH 7-0 
potassium phosphate buffer, 0-67 ml water containing no cofactor or 3-6 «moles di- 
or tri-phosphopyridine nucleotide (DPN or TPN) or their reduced forms (DPNH or 
TPNH), and 1-0 ml of the microsome, soluble, or microsome plus soluble preparation 
Iwo hours incubation with shaking tn air at 38 C were then allowed for metabolism 
of the aryl phosphate. Two milliliters acetone were then added and the resulting 
precipitate removed by centrifugation. The acetone was removed under reduced 
pressure and aliquots of the remaining aqueous material added to the esterase source 
The activity of esterase inhibitors formed by the liver fractions was assayed as 
described above. Suitable controls with mouse liver fractions showed no inhibition 
resulting with this procedure except that due to the organophosphate 

In a few studies the ease of extraction into n-hexane was determined for the anti- 
esterase products from TOCP. The products from in vitro activation, after precipita- 
tating the proteins with acetone and removing the precipitate and the acetone, were 


assayed against mouse plasma propionylcholinesterase. The remaining supernatant 
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was partitioned with an equal volume of n-hexane and the antiesterase agents recover- 
ed in each phase were similarly assayed. The hexane was removed at room temperature 
with a mild air jet prior to esterase assay. Products from the in vivo activation of 
TOCP were also studied 2 and 24 hr after injection of mice with 500 mg/kg TOCP in 
corn oil. The liver and small intestine were removed, homogenized in acetone, the 
acetone-soluble fraction recovered and after evaporation of the solvent, the residue 
partitioned between an equal volume of water and n-hexane. Aliquots of each phase 


were used for assaying the activity in inhibiting mouse plasma propionylcholinesterase 


RESULTS 
In vivo studies 
Many compounds were highly active in potentiating malathion (i.e. potentiated 
LD,» of less than 200 mg/kg) and in effecting ataxia in hens (compounds 2, 7, 18-21. 
23 and 26 of Table 1). These compounds contained at least one 2-methyl, 2-ethyl or 
4-ethyl substituent on a phenolic group. Only the 2-methylphenyl and 2-ethylpheny! 


di-(3:5-dimethylphenyl) phosphates (compounds 29 and 30) and the thiono analogue 


TABLE 2. CORRELATION OF MALATHION TOXICITY AND INHIBITION OF MALATHION- 
HYDROLYZING ESTERASES 24 HR AFTER INJECTION OF MICE WITH ARYL PHOSPHORUS 
COMPOUNDS AT 100 MG/KG 


inhibition malathion 
LD., malathion No. of hydrolysis in vivo 
compounds 
Plasma 


54-80 94 
100-140 XY 
160-190 8] 
200-320 88 
340-450 4 
510-850 79 
1050-1150 40 

1200 15 


Summary of data presented in Table | 


of TOCP (compound 33) produce ataxia in hens, but were not highly active in poten- 
tiating malathion toxicity to mice. These three compounds are less toxic to chickens 
than most of the other ataxia-producing materials.*: 7; * Moderate to high activity in 
malathion potentiation (potentiated LD,, of less than 350 mg/kg) without activity 
for producing ataxia in hens resulted with ten compounds (3, 4, 6, 9, 17, 22, 24, 25, 31 
and 32 of Table 1), none of which contained 2-methylphenyl or 2-ethylphenyl group- 
ings with the exception of tri(2:3-dimethylphenyl) phosphate (compound 9). 

Che activity of the aryl phosphorus compounds in producing in vivo inhibition of 
the malathion-hydrolysing esterases of liver and plasma was generally related to their 


ability to increase the susceptibility of mice to malathion (Table 2). This correlation 


was better with the liver than with the more sensitive plasma esterase. 

From the specificity of in vivo esterase inhibition by the aryl phosphates it is evident 
that malathion and propionyl! choline are largely hydrolyzed by different enzymes of 
mouse plasma, and that malathion is hydrolyzed by a different liver enzyme than 
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tocopherol acetate or testosterone propionate, although the latter two substrates may 
be hydrolyzed at least partially by the same enzyme. The compound specificity for 
in vivo inhibition of the liver and plasma malathion-hydrolyzing enzymes was some- 
what similar 

None of the substituted phenyl phosphorus compounds studied effected significant 
inhibition of the activity of brain homogenates in hydrolyzing acetyl-8-methylcholine 
or acetyl thiamine when the brains were removed for assay 24 hr after injection of a 
100 mg/kg dose. The brain enzyme hydrolyzing tributyrin was more sensitive such 
that 50-65 per cent inhibition resulted with compounds 18-20, 30-40 per cent with 
2 and 23, and 20—30 per cent inhibition with phosphates 6, 9, 21, 24, 25, 27 and 38, 
while no significant inhibition resulted with the other materials. The specificity for 
in vivo inhibition of the brain tributyrin-hydrolyzing esterase was different than that 
for inhibition of the plasma and liver enzymes studied. It must be noted that these 
analyses on in inhibition of the brain esterases are based on single and not 
replicated analyses 

The approximate toxicity to mice was determined for the aryl phosphorus com- 
pounds that were most active in increasing the toxicity of malathion (i.¢. potentiated 
LD.,, of 200 mg/kg or less). LD,, values for these phosphates 72 hr after injection in 
corn oil solutions were mostly greater than 1000 mg/kg (compounds 2, 6, 9, 17, 19, 
22 and 24-26). ¢ pound 18 yielded an LD,, of 800-1000 mg/kg, compound 7 was 


400-600, compounc 21. 23 and 35 were 300-400 and compound 0) was 200-300 


ng kg 
Preliminary studies showed that TOCP injected at 400 mg/kg increased the sus- 
cepubd litv of mice to several chemicals injected 24 hr later. The compounds affected 
and the approximate factor of decrease in their mg/kg LD,, are as follows: malathion, 
10 th nsecticide, dimethoate (O:O-dimethyl-S-(N-methylcarbamoylmethy!)- 
phosphorodithioat 5 butyryicholine, 6 and 2-dimethylaminoethyl acetate, 
3-5 Less thar wo factor change in susceptibility resulted with the following 


injected comp is: thiamine, acetylthiamine, atropine, veratrine, protoveratrine 


DDVP (O:O0-dimethyl-2:2-dichlorovinyl phosphate) and Dowco 


109 (O-4-rert-bul chlorophenyl-O-methyl methylphosphoroamidothioate) 


rtain of the esterases to in vitro inhibition by ten aryl 
3. In no case was the liver esterase 
10-* M aryl phosphate. The 
holine and particularly malathion were more 
the plasma malathion-hydrolyzing esterase 
olinesterase (p/,, malathion-esterase p/,, PrCh-esterase) was 
e phosphates than with the phosphites studied 
suitable ditions, fractions from mouse liver homogenates were effective 
ing TOCP to more efficient inhibitors of mouse plasma cholinesterase 
tion fortified with either DPNH or TPNH was active in this 
respect. as was the microsome plus soluble fraction fortified with DPN or TPN. The 
oxidized or reduced forms of the pyridine nucleotides were about equally effective as 
cofactors for the microsome plus soluble fraction, while the reduced forms were 


much more effective than the oxidized forms with the microsome fraction. No great 
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difference was noted in the activity of the di- and tri-phosphopyridine nucleotides 


but the concentration of cofactor was not varied in these studies. 

A comparison was made of the mouse plasma cholinesterase inhibitors formed from 
TOCP in vitro and those present in the liver and small intestine of mice 2 or 24 hr 
after injection of 500 mg/kg TOCP. The only criterion used in this comparison was the 


partitioning of the inhibitors between equal volumes of n-hexane and water. The 


inhibitors recovered from the liver in vivo partitioned greater than 90 per cent into an 


equal volume of hexane from water, the inhibitors from small! intestine were less 


TABLE 3. INHIBITORY ACTIVITY in vitro OF CERTAIN ARYL PHOSPHORUS < OMPOUNDS ON 


MOUSE PLASMA CHOLINESTERASE AND THE MOUSE PLASMA AND LIVER 


ENZYMES HYDROLYZING MALATHION* 


Mouse plasma-p/ 


Compound PrCh malath 


(PhO),P(O) 5 
(3-MePhO).P(O) 5-7 6:1 
(4-MePhO).,P(O) 40 5-4 
(3-EtPhO).P(O) 50 6:3 
(4-EtPhO).P(O) 4-0 §-) 
4-0 5-4 
(4-EtPhO).P(OMOPhMe-4) 4-0 5-2 
6-4 
(PhO).P 5-4 6-0 
(4-MePhO),P 4-7 4-5 


* The p/,,. (negative logarithm of molar concentration 


producing 50 per cent inhibition) for these compounds 


with the mouse iver enzyme hydrolyzing malathion 


was in every case greater than 4-0 


completely recovered in the hexane, and those formed by either fortified microsome 


plus soluble or the microsome fraction alone partitioned about equally between 


hexane and water. In studies on the nature of the in vivo metabolites of TOCP in 


rats it has been found* that at least three metabolites can be partially to completely 


extracted into hexane. It appears likely that the most active metabolite formed 


in vivo is the same as that formed by the microsome-DPNH preparation in vitro and 
that it is susceptible to further metabolism by hydrolysis and possibly oxidation. 


Certain structural requirements are evident (Table 1) for the conversion of aryl 


phosphates to more potent mouse plasma propionylcholinesterase inhibitors (activa- 


tion) by the mouse liver microsome-reduced pyridine nucleotide system. By com- 


parison of the inhibitors present after incubation in the presence and absence of DPNH. 


the following relationships can be seen: (1) For symmetrical monosubstituted triaryl 


phosphates, the greatest degree of activation results with 2-methyl or 2-ethyl sub- 


stituents although compounds with 2-n-propyl or 4-ethyl substituents are also acti- 


vated. (2) For asymmetrical monosubstituted triaryl phosphates the same requirements 
hold for a 2-methyl or 2-ethyl group for maximum activation and 2-n-propyl or 4-ethyl 
group for activation. (3) This relationship did not hold for the di-(3:5-dimethyl- 


phenyl)-mono- (2 or 4-alkylphenyl)-phosphates since the 2-methyl and 2-n-propyl 


derivatives were activated but not the 2- or 4-ethyl phenyl derivatives. (4) With 
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symmetrical tri(dialkylphenyl)-phosphates the degree of activation varied greatly 
the position of the substituents such that activation decreased in the order: 


2:4 or 2:5 2:6; 3:4 or 3:5. The 2:4-dimethylphenyl phosphate and a mixed 
phosphate were highly activated but not the 2-methyl-4- 

?-methylphenyl phosphates activated were the O:O-dialkyl-o- 

tetra-o-cresyl pyrophosphate. (6) No activation resulted with 

and with triphenyl phosphine and its sulfide, however, this 

sssible activation of other phosphines or phosphites since the 

atives studied were not activated. (7) The high 

th tri-m-cresyl phosphate and tri-m-ethylphenyl phosphate in 

DPNH made it impossible to ascertain under these experimental 

Mt activation h urred with these m-alkylphenyl phos- 


tion from chicken liver was also effective in the activation of 


TOCP and tri-p pret yl phosphate (Table 4). With TOCP the active metabolite 


TABLE 4 IVA or TOCP AND TRI-p-ETHYLPHENYL PHOSPHATE BY CHICKEN 
LIVER M : FRACTION WITH OR WITHOUT DPNH FORTIFICATION 
10-* M were incubated with microsomal fraction DPNH. 


he inhibitors | ed were assayed at | 10-° M with cholinesterase: results as 


0-Ol M Pr t 38 “C are the averag I iplicate runs, each of which showed 


the same effect of DPNH on the inhibitor formation.) 


(>-MePhO) PIO) (4-E (PhO), 


DPNH DPNH DPNH DPNH 


chicken spinal cord cholinesterase or with cholinesterase of 

sma. The metabolite of tri-p-ethylphenyl phosphate was appa- 
rently inactive when assayed with chicken plasma cholinesterase. No activation of 
either substrate occurred with a fraction from chicken spinal cord which was separated 


under the same centrifugation conditions used to obtain the liver microsome fraction. 


DISCUSSION 


Potentiation of the toxicity to mammals of certain organophosphates in mixtures 
presumably results from one compound interfering with the detoxification of a 
second compound. It has been shown by a variety of procedures'*-*'. **-** that mala- 


thion is potentiated by those organophosphates which selectively inhibit an esterase 
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active in hydrolysis of one or both of the carboethoxy groups of the malathion mole- 
cule. This mechanism for malathion potentiation is generally supported by the evidence 
presented in the present study 

[he structure—activity relationships for ary! phosphates in effecting potentiation of 
malathion toxicity to mice and in producing ataxia in hens are somewhat similar 
but certainly not identical. If both types of biological activity are related to esterase 
inhibition, then the effective antiesterases are present in different concentrations in 
the two organisms or the antiesterases differ in their selectivity for inhibiting the 
physiologically important esterases involved. There is considerable evidence! that 
true and pseudocholinesterase inhibition is not involved in the production of ataxia 
in hens. The failure of an ataxia-producing dose of tri-p-ethylphenyl phosphate to 
produce cholinesterase inhbition in hens has been used as evidence! for discarding 
the “pseudocholinesterase inhibition” hypothesis for ataxia production. However. a 
metabolite of tri-p-ethylphenyl phosphate formed in vitro by either the mouse or 
chicken liver microsomal fraction is an effective inhibitor of certain esterases. but 
apparently not for the chicken plasma cholinesterase. It is also known that certain 
compounds inactive in producing neurotoxicity in hens are active in effecting paralysis 
in Cats.- 
Numerous investigators have been intrigued with the great selectivity in esterase 
inhibition in animals treated with various organophosphorus esters Many phosphate 
esters with ammonium or sulfonium groupings are highly selective for cholinesterase 
inhibition, and others such as certain bis-aryl phosphoramidates are selective for 
aliphatic esterases.**: *° In the present study it was found that a high selectivity for 
aliphatic esterases resulted with triaryl phosphates containing only p-alkyl substituents 
such as methyl or ethyl. 

Many esterases are inhibited by organophosphates. The normal physiological 
function of many of these enzymes is unknown. Just as the organophosphate cho- 
linesterase inhibitors have proven invaluable in ascertaining the significance of the 
various reactions mediated by cholinesterase, so selective inhibitors of other carboxy- 
lic esterases should help ascertain the role of these esterases in the body. Certain 
aliphatic esterases are involved in drug metabolism and the potentiation between 
organophosphates has given a dramatic demonstration of this role. The significance of 
inhibition of esterases other than acetylcholinesterase in the acute and chronic 
toxicity of the varied organophosphates, and in the infrequently observed ataxia or 
neurotoxicity, and anesthetic activity®! to mammals is not clearly established. Further 
Studies are also needed on the inhibition of these other esterases in relation to the 
poisoning of insects by organophosphates and the acquired resistance of insects to 
these compounds, the poisoning of nematodes and other lower animals and the 
herbicidal action of phosphate esters, and the activity of some compounds of this 
type as anticarcinogenic agents. 

TOCP and many other aryl phosphates are metabolized to more potent esterase 
inhibitors. The chemical nature of the active metabolites has not been determined. 
The reaction is probably at least initiated by an oxidation since it can be effected with 
a liver microsome-reduced pyridine nucleotide system in an oxygen-containing 
atmosphere. The active products can be readily demonstrated in rats, mice, chickens 
and cockroaches. The metabolite formed from TOCP in vivo by rats has now been 
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highly purified, and is active at | 


linesterase.*” 


majority of the compounds utilized 
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10-* M as an inhibitor of human plasma cho- 
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SHORT COMMUNICATIONS 


6-Selenoguanine (2-amino-6-selenopurine). Synthesis and biological studies 


(Received 5 October 1960) 


6-THIOGUANINE has been studied extensively as an inhibitor of the growth of transplantable neoplasms 


in animals and to some extent as an antileukemic agent in man. It exhibits antimitotic act vity 


and has been shown to be incorporated into deoxyribonucleic acid (DNA).2 While the mechanism 


of action of this compound has not as yet been established. it seems possible that charge separation 


of the type 


B 


HN B O, S, Se 


which has been found to be greater in thiocarbamyl than in carbamy! compounds,*: * might lead to 


unusually strong hydrogen-bonding with the amino group of cytosine facing thioguanine in the 


double helix of DNA 


Such intra-helical interaction would be expected to interfere with the replication of deoxyribonucleic 


acid. 


Since replacement of sulfur by selenium leads to an even more marked polarization in this type of 


structure and because 6-seleno-purine had shown some antitumor activity in mice,’> ® in spite of its 


lack of stability, the synthesis of 6-selenoguanine was of interest 


2-Amino-6-selenopurine was prepared by the reaction of sodium hydroselenide with 2-amino-6- 


chloropurine (generously supplied by G. B. Elion and G. H. Hitchings of the Wellcome Research 


Laboratories) in a manner analogous to that used in the synthesis of 6-selenopurine.* 


Stability studies with 6-selenoguanine in buffered solutions showed that this compound is more 


stable than is 6-selenopurine. Effective inhibition of the growth of Lactobacillus casei (ATCC 7469) 


occurred with selenoguanine with one-tenth the concentration required with thioguanine 


While the single-dose toxicity of selenoguanine in mice exceeded that of its sulfur analog, the 


opposite proved to be the case when the compounds were administered repeatedly 


The effects of selenoguanine and thioguanine on the growth in vivo of several experimental murine 
neoplasms: lymphomas L1210 (sublines A and B) and L5178Y, and Sarcoma 180, were determined. 


and it was found that the antitumor activities of these two compounds were comparable. However, the 


data obtained thus far indicate that selenoguanine possesses an appreciably higher therapeutic index 
than does thioguanine. The response of mice bearing either lymphoma L1210 (subline A), lymphoma 
L5178Y, or Sarcoma 180 to seven or eight daily intraperitoneal injections of selenoguanine or thio- 


guanine revealed that, during the period of treatment, the therapeutic indices of the two compounds 


were the same; i.e., the maximally tolerated dose of selenoguanine was about four times that of 


thioguanine, and the dose of selenoguanine required to attain a given degree of antitumor activity 


was also four times that of thioguanine. However, when these mice were observed during the week 
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following the final in 


ections of the two compounds, it was found that significantly fewer animals 


treated with selenog ne succumbed to what appeared to be delayed drug toxicity than was the 


case with mice treated with thioguanine. In mice bearing lymphoma L1210 (subline B) (kindly pro- 
vided by Dr. J. H. Bur 


nine, compared W 


chenal of the Sloan-Kettering Institute), the higher therapeutic index of seleno- 
that of thioguanine, was seen even during the week of treatment: the maxi- 


tolerated dose of selenoguanine was eight times that of thioguanine, while the dose of seleno- 


line required to a a given level of antitumor activity was only twice that of thioguanine 


Tauce |. SINGLE- AND REPEATED-DOSE TOXICITY OF SELENOGUANINE AND THIOGUANINE IN 
Ha ICR Swiss MICE 


Average 
Dose change in Mortality Mortality 
schedule body weight (Ist week) (2nd week) 


noguanine 


injection 


noguanine 


guanine 


The compounds were suspended in a 0-:25°,, solution of carboxymethylcellulose ; 


ind numbered at the onset of the experiment > average initial 


di following the last injection (8th da “ach mouse was 
t of each group of 10 was recorded. On the average, mice 


ng daily intraperitoneal injections of 0-4 mi of a 0-25 


msiveness of a 6-mercapto-purine-resistant tumor extended to 


appears to offer considerable promise as an inhibitor of tumor 


pertics el ogress. This work was supported in part by 


4)) from the United States Public Health Service 


Henry G. MAUTNER 
Ji LIAN J JAFFE 
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SECOND SCANDINAVIAN SUMMER MEETING OF 
BIOCHEMISTRY, PHARMACOLOGY AND 
PHYSIOLOGY 


August 27-29, 1959, Turku, Finland 


AT THIS meeting papers were read on the following topics: the Biochemistry of 


Subcellular Particles: the Biochemistry of Connective Tissues; the Mechanisms of 
Glucuronide and Sulphate Conjugation; and the Central Control of the Autonomous 
Nervous System. 

On the following pages are published papers selected from this Symposium; 
while a further and final selection will appear in Volume 6 Number | of Biochemical 
Pharmacology. 
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ROLE OF STRUCTURE IN REGULATION OF CELLULAR 
ENZYMIC ACTIVITIES 


O. LINDBERG 


Wenner-Gren Institute, University of Stockholm, Sweden 


Abstract—Advances in enzymology have shown that a cell is not a mixture of enzymes, 


but a highly organized community where mitochondria, nucleus and endoplasmic 


reticulum are concerned in cellular activity. Quantities of enzymes appear to be of less 


importance in cell activity than correlations of enzymes with other factors such as 


structural barriers. Pyridinenucleotide-linked oxidations which take place in the extra- 


mitochondrial space of the cell proceed by way of extra-mitochondrial pyridinenucleo- 


tides. Experiments demonstrated that externally generated DPNH can pass the mito- 


chondrial barrier to enter the respiratory chain. Fusion of enzymes to greater structural 


units would appear to give to the cell a level of organization between that of a single 


enzyme and the cellular entity. 


To THE modern cytologist the mitochondrion is the classical concept in subcellular 
organization. The electron microscopical and enzyme chemical complement of this 
organelle has been known in its main details for almost 10 years. Its ability to produce 
phosphate bond energy in the isolated state is well known to every biochemist. 


The importance of mitochondrial research is, however, not restricted to a more or 
less advanced knowledge of the biochemistry and physiology of that particular sub- 
cellular component. It has also, for the first time, given the biologist a way of expressing 
himself in defined chemical terms and thus make himself understood by scientists 


working in other fields. For the biochemist, the realization that a cell is not a random 
mixture of enzymes but a highly organized community where components such as 
mitochondria, nucleus and endoplasmic reticulum all have their role in the main- 
tenance of cellular activity, has brought a new concept to enzymology. 

With the statement that a cell is able to do what its enzymic complement allows, 
as background, great efforts have been made during the post-war period to correlate 
the amount of enzymes in a cell with its physiological condition. For the cancer cell 
this has been particularly relevant, and a bulk of analytical data on the content of 


enzymes in tumours compared to normal cells have been collected. Also the activity 


of many enzymes in correlation to hormonal status has been a subject of intense 


study. In spite of the fact that many significant differences have been obtained, the 


enthusiasm for this type of research has gradually decreased and been replaced by the 
feeling that differences in the metabolic pattern of a cell must be correlated to factors 


other than quantities of enzymes. 

Some examples of this phenomenon will be given below. 

Perhaps the most serious problem a cell has to face is how to master the excess of 
enzymic activities it has at its disposal. How, for example, can it avoid combusting all 


substrate with the very high oxidizing power which can be attributed to a cell, and thus 
leave some of it as building blocks for new cellular material? Why, for example is a 
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tumour but not liver able to accumulate lactic acid? The cells from both tissues have, 
as we know, a considerable amount of lactic dehydrogenase at their disposal. For the 
solution of these problems the existence of structural barriers in the cell have to be 
considered 

As 1s well known, isolated mitochondria can oxidize all members of the citric acid 
cycle without the addition of any cofactors. Lactate, on the other hand, is not able to 
give rise to any respiration even if lactic dehydrogenase is added to the medium. Only 
after the addition of DPN can the mitochondria combust lactate. The dinucleotides 
present in the mitochondria cannot function as cofactors in the external lactic dehvdro- 


genase system. This phenomenon, which is illustrated in Table | by an experiment 


TABLE |. REQUIREMENTS FOR THE OXIDATION OF LACTATE BY HEART-MUSCL! 
MITOCHONDRIA 
(AFTER VON KORFF AND TweprtT’') 


Additions 


LDH* 
DPN 
LDH DPN 


* LDH hvdrogenasc 


DPN liphosphoy nenucieotide 


1oted from n riff and Twedt', is also true of other extramitochondrial dehvdro- 


[here is, therefore, reason to believe that those pyridinenucleotide-linked 


dations which 1 place in the extramitochondrial space of the cell, among them 
oxidation inv 1 in glycolysis, proceed also in the living cell by way of extra- 


itochondrial pyridine ucleotides 


The acceptance of t statement immediately leads to a new problem: How are the 


hond 


extramitochondri: generated reduced pyridinenucleotides, ¢.g. the glycolytic 


DPNH, further oxid | by oxygen? The importance of this is obvious if we nsider 


in an aerobic cell, for each molecule of pyruvate formed from glucose, one mole- 
cule of extramitochondrial DPNH must be reoxidized by oxygen, provided that no 
accumulation of lactate takes place and no reductive synthesis of DPNH occurs 
parallel to the glycolysis. For a long time the main way known by which extramito- 


chondrial DPNH could be oxidized aerobically by mitochondria has been that first 


described by Lehninger*®, which requires the addition of extramitochondria! yto- 


An experiment by Von Korff and Twedt' demonstrates how hydrogen from non- 
mitochondrial substrates can be oxidized by way of the mitochondrial respiratory 
chain. This is, however, hardly a physiological mechanism, since cytochrome c ts not 
known to occur in the ground cytoplasm of the cell. 

Perhaps a more physiological experiment to demonstrate how externally generated 
DPNH can pass the mitochondrial barrier to enter the respiratory chain ts to use a 
mitochondrial substrate, the oxidized form of which can be re-reduced by DPNH 
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formed in the ground cytoplasm. Zebe et a/.* give an elegant example of this (Fig. 1). 
a-Glycerolphosphate is a mitochondrial substrate from the flight muscles of insects. 
This substrate is oxidized by means of a mitochondrial flavoenzyme to dihydroxy- 
acetonephosphate which by means of an external enzyme and DPNH is re-reduced to 
glycerolphosphate. In this way glycerolphosphate becomes a cofactor for the trans- 


Fic. 1. Transport of hydrogen through mitochondrial barrier. (After Zebe, Delbriick and Bucher, 
Biochem. Z., 1959) 


portation of DPNH, formed in the ground cytoplasm, into the combustion oven of 
the mitochondrion. 
The structure of this barrier between ground cytoplasm and mitochondria is a 


An example of how structures can influence the activity of enzymes might be 
elucidated by the following experiment. To trap and conserve the energy formed 


TABLE 2. ADSORPTION OF HEXOKINASE ON MITOCHONDRIA (AFTER SIEKEVITZ*) 


Relative units 


Added 100 

Recovered in suspension 
after recentrifugation 

Expected in pellet after 
recentrifugation 

Found in pellet after re- 
centrifugation 


during mitochondrial oxidative phosphorylation, the addition of glucose and hexo- 


kinase is the best too! to use. This addition converts the ATP-formed into glucose-6- 
phosphate and ADP. In an attempt to calculate the amount of ATP present in the 
incubation medium from the differences in speed of formation and degradation, we 
obtained a much lower value for ATP than was expected.* 

Sickevitz® working on the same system found that if the hexokinase is removed from 
the mitochondria by centrifugation, the minute amount of hexokinase which was 
adsorbed on the mitochondria, could after resuspension of the mitochondria in a 
fresh medium exert as high an activity as that originally added to the suspension. A 
considerable activation of hexokinase had evidently taken place. To explain this 
phenomenon is has been suggested that the hexokinase exerts its effect on the surface 


y 
Jehydrogenase 
EXTRAmitochondr = 
— 
hydroxyacetone— @ alycer 
hy droxyacetone —F @ glycerol—F 
NTRAmitochondria 
Resorratory 
) 
~* 
! 
| 


350 O. LINDBERG 


of the mitochondrion. In this case a local high concentration of ATP might be respon- 
sible for the high enzymic activity. On the other hand, we know that only low concen- 
trations of ATP are required for a high hexokinase activity in homogenized tissues. 
A further possibility is to apply the way of thinking introduced by McLaren and 


Bobcock®. These authors point out how surface structures can locally change the pH 
of a solution up to a whole unit, a phenomenon specially valid for cell surfaces. As 
hexokinase has its maximum activity at pH 8-5, and mitochondrial suspensions work 
at about pH 7-5, this offers a theoretical possibility for explaining the increased 
activity of the enzyme 

However these experiments are interpreted, they clearly demonstrate that the fusion 
of enzymes to greater structural units gives to the cell a level of organization between 
that of the single enzyme and the cellular entity. If this level of organization is going 
to be the background of hormonal control, physiological variation and cellular 


individuality will be a future subject of research. 
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FRACTIONATION OF PARTICLES AND 
MACROMOLECULES IN AQUEOUS TWO-PHASE SYSTEMS 


P. A. ALBERTSSON 


Biochemical Institute, University of Uppsala 


Abstract—The isolation from cells of particles such as nuclei, mitochondria, microsomes 


and chloroplasts is important in biochemical and physiological studies. Cell particles 


are separated according to size, density and form. Experiments showed that surface 


properties of particles could determine the fractionation in a liquid-liquid two phase 


system, complementing conventional fractionation techniques. Aqueous polymer two 


phase systems were used in preference to organic solvent-water systems. Enzymes and 


viruses may be distributed in these systems without loss of activity. The usefulness of 


the method is demonstrated with examples. Other properties of polymer two phase 


systems are also discussed. 


nuclei, mitochondria, chloroplasts, 


THe study of mass isolated cell particles, e.g. 
microsomes and cell walls, obtained from disintegrated cells has been of considerable 


importance in recent developments in biochemistry and cell physiology. Such work 


requires efficient fractionation methods. In general, centrifugation techniques have 
been used, by which methods the particles are separated according to their size, den- 
sity and form. It would, however, be of value if the centrifugation methods could be 
complemented by other methods whereby other properties of the particles, for example, 


the surface properties, determine the fractionation. 

An example of such a method is the partitioning of particles in a liquid-liquid 
two-phase system. If a number of particles are shaken in a two-phase system they will 
distribute themselves largely according to their surface properties and collect either 
in the one or the other phase, or at the interface. The present review summarizes the 
work!" that has been carried out at the Biochemical Institute of Uppsala for the 
purpose of developing methods for the fractionation of particles and macromolecules 
according to this principle. 


PHASE SYSTEMS 


THI 
Special problems arise when one is selecting phase systems for biochemical sub- 
stances. The phase systems should be as inert as possible to the particles which are to 
be fractionated. This means that consideration must be paid to the water content, 
ionic strength, osmotic pressure, ability to dissolve out substances from the particles, 
denaturing effects on proteins, and so forth. Since adsorption of particles at the 
interface is sometimes used for fractionation, the possible damaging effect of the inter- 
facial tension must also be considered. Generally, a low interfacial tension is desirable. 
All these different requirements usually rule out the common two-phase systems which 
contain an organic solvent such as the systems water—benzene, water-ether or water 
butanol. Instead, a number of aqueous polymer two-phase systems have been studied. 


351 


“= 
; 
q 
960 
: 
: 


P. A. ALBERTSSON 


[hese are composed of water and two water-soluble polymers. Solutions of two 
different polymers are usually not miscible even at low concentration of the polymers.'? 
Thus for example if | °, (ww) aqueous solution of dextran (a polyglucose) is mixed in 
a test tube with an equal amount of a 1°, aqueous solution of methyl cellulose, one 
will observe that the mixture becomes turbid. If the tube is allowed to stand for a while. 
two liquid layers are formed. An analysis of these will show that the bottom layer 
contains most of the dextran and the top layer most of the methyl cellulose. If the 
mixture is shaken again and allowed to stand, the two layers will again Separate out 
One has thus obtained a system containing two immiscible phases in equilibrium, both 
consisting largely of water. The difference in the physical properties of the two phases 
is small, compared with ordinary phase systems. Thus the difference in density or 
refractive index of the two phases is very small, a fact which sometimes makes it 
difficult to detect the interface. The interface has a low surface tension as shown by the 
fact that the interface forms a right angle with the wall of the test tube. 

A number of pairs of polymers which give a liquid two phase system when mixed 


with water are recorded in Table 1. The composition of a phase system and its phases 


TABLE |. PAIRS OF POLYMERS WHICH GIVE A LIQUID TWO-PHASE SYSTEM WHEN MIXED 

WITH WATER (FROM ALBERTSSON?) 

Polypropylene glycol—polyethylene glycol 

Polyethylene glycol-dextran 

Polyvinyl! alcohol—dextran 

Polyvinylpyrrolidone—dextran 

Methyl! cellulose—dextran 
at different proportions of the polymers may be represented by a phase diagram. 
Figs. | and 2 show phase diagrams of the two systems which have been used for the 
Iractionation of particles, namely the dextran—methyl! cellulose-water and dextran 
polyethylene glycol—water systems. Mixtures represented by points above the curve of 


~ 
1s 


+} 


1¢ phase system dextran—methy! cellulose—water at 4 “C. The dextran has a 


1. Phase diagran 
molecular weight of about 2,000,000 (weight average) and the methyl! cellulose a molecular weight of 
about 150,000 


Fig. | result in two-phase systems while mixtures represented by curves below the 


curve result in a one-phase system. Thus a mixture of 1 °4 (w/w) dextran and | * (ww) 
methyl cellulose (point P of Fig. 1) is a two-phase system while a mixture of 0-2°, 


()-? 


(w w) dextran and 0-2°, (w w) of methyl cellulose (point Q of Fig. 1) gives an homo- 
geneous solution. If a mixture represented by point A of Fig. 1 is set up and its phases 
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analysed, they will have the compositions represented by the points B and C ( Fig. 1). 
Thus the points A, B and C represent the total composition, the composition of the 
bottom phase, and the composition of the top phase, respectively, of a given phase 
system. The points A, B and C lie on a straight line, the tie line. Figs. 1 and 2 show a 
number of such tie lines, connecting points which represent the composition of two 


FiG. 2. Phase diagram of the phase system dextran-polyethylyne glycol—water at 0 °C. The dextran has 
a molecular weight of about 480,000 (weight average) and the polyethylene glycol a molecular weight 
of 6000-7500 


Fic. 3. Partition in a two-phase system 


phases in equilibrium. The length of a tie line is a measure of the difference in com- 
position of the phases. As may be seen in Fig. | and Fig. 2. as the composition approaches 
the point K the length of the tie lines becomes smaller and smaller. At the point K the 
compositions of the two phases become theoretically equal. The point K is called the 
critical point. At the critical point the property of the system is rather sensitive to 


changes in the composition of the phase components or the temperature. Therefore 


best results are usually obtained by the use of systems which have compositions 
removed from the critical point. 

hese aqueous polymer systems may be complemented by the addition of substances 
such as salts or sucrose which are necessary for the stability of the particles to be 
fractionated. They may be used in the cold as well as at room temperature. 

It has been found that a number of enzymes may be distributed in these systems 
without any loss in activity. The enzymes so far tested include enolase. laccase. 
coeruloplasmin, cholinesterase and cytochrome oxidase.* Different viruses including 
the bacteriophages T, and T,,° vaccinia virus, parotitis virus, Newcastle disease 
virus, influenza virus, echo virus, and adenovirus® !° have also been tested. 
No virus inactivation was found to occur. Therefore, it appears that the systems are 
not harmful. This is probably, to a great extent, due to the fact that they have a high 
water content and a low interfacial tension. However, the phase components themselves 
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may also have a stabilizing action on the particles and enzymes. Dextran, methyl 
cellulose, and polyethylene glycol are all poly-ols, and it is a common experience that 
poly-ols such as sucrose and polysaccharides can stabilize proteins against denatura- 
tion. In fact, it has been found that the bacteriophage T, may be treated by a flouro- 
carbon without loss if dextran is present in the phage suspension, while almost all the 
activity disappears if the polysaccharide is not present.* 


THE BEHAVIOUR OF SOME PARTICLES AND PROTEINS 

If a low molecular substance is partitioned in a two-phase system (Fig. 3) a finite 
partition coefficient, A, is usually established (K is the concentration of the partitioned 
substance in the top phase divided by the concentration of the substance in the bottom 
phase). It was shown by Bronsted that the more the molecular weight of the par- 
titioned substance increases, the more unilateral the distribution tends to be. Thus, 
for example, if a protein is distributed evenly between the two phases a number of 
identical cellular particles usually collects in only one of the phases. This is illustrated 
by Table 2 in which the partition coefficient for a number of proteins and virus 


TABLE 2. PARTITION OF PROTEINS AND VIRUS PARTICLES IN A DEXTRAN—METHY! 
CELLULOSE SYSTEM (DATA FROM ALBERTSSON AND FRICK?®) 


Protein of Surtace area of Partition 
virus particle the particles coefficient 
10 (muy 


Haemocyanin “eighth” 0-63 
Haemocyanin whole 0:25 
cteriopnhage 0-023 


osaic virus 0-01-0-02 


cteriophage 5 0-0005 
cinia virus 0-0001 


particles are recorded. It is evident that the larger particles like the bacteriophages and 
vaccinia virus have a concentration in the bottom phase 100-1000 times greater than 
in the top phase. Small particles like the haemocyanin and phycoerythrin molecules 
are more evenly distributed. A proportionality between the logarithm of the partition 


coefficient and the surtace area of the particles has been found.® Fig. 4 shows how the 


4. The partition coefficient, A, of Helix pomatia haemocyanin in a dextran—methyl cellulose 


system as a function of pH 
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partition coefficient of Helix pomatia hacmocyanin depends upon the pH in the dex- 
tran-methyl cellulose system. The molecular weight of haemocyanin at different pH 
values is well known from studies in the ultracentrifuge. Thus for pH 4-7-7-0 this 
protein has a molecular weight of 8-9 10°, and in this pH interval the K-value is 
constant (Fig. 4). Between 7-4 and 8-2 the molecules split partly into halves and eighths. 
For pH 8-2-9-3 the protein is again monodisperse with a molecular weight of | 10°, 
and in this interval the K-value is also almost constant. Above pH 9-3 the protein 
molecules split into smaller units. For pH 3-6-4-6 the protein molecules are partly 
dissociated into halves, and at pH 3-6 it is dissociated into still smaller units. | ig. 4 
shows that these changes in the molecular state are well reflected in the partition 
coefficient. In a similar way the association between the antigen and the antibody in 
an immunological reaction may be followed in a two-phase system." 

All experiments which have been made with the dextran—methyl cellulose system 
indicate that the size, or more probably the surface area of the particles, isa dominating 
factor in determining the partition coefficient of proteins and viruses. 

In the dextran—polyethylene glycol system the behaviour is very different. The 
distribution of particles and proteins depends very much upon the salt environment. 
Thus a substance may be transferred entirely from one phase to the other simply by 
replacing one ion with another. Phycoerythrin, for instance, is mainly in the top phase 
in the presence of phosphate ions. If these are replaced by chloride ions the phycoery- 
thrin is transferred to the bottom phase.’ This salt effect is specific so that one protein 
may be separated from another by chosing a suitable salt concentration. 

Another characteristic of the dextran-polyethylene glycol is that larger particles, 
like virus particles and cells, are easily adsorbed at the interface. This adsorption at the 
interface of the particles is, like the partition coefficient of proteins, dependent on 
the salts present, and a particle may accordingly be transferred from one phase to the 
interface by changing the salt. 


APPLICATIONS 


Fractionation of rat brain microsomes 

Microsomes consists essentially of two submicroscopic structures, vesicles formed by 
fragments of the cyloplasmic membranes, and small electron-dense particles. The 
isolation of the latter particles from a microsome suspension prepared from rat brain 
has been accomplished by using a dextran—methyl cellulose system.¢ | ig. 5is a scheme 
for the fractionation procedure. The microsome suspension was first shaken in a 
dextran—methyl cellulose system of the same composition as that in Table 2. In that 
system both kinds of structures are partitioned in favour of the dextran-rich bottom 
phase (K < 1). The vesicles have, however, a very low partition coefficient so that 
they are almost entirely in the bottom phase. The particles have a larger partition 
coefficient, and because of the large volume of the upper phase a considerable fraction 
of them is present in this phase. Thus the upper phase contains only the particles. This 
phase is removed and replaced by fresh top phase and the shaking is repeated in order 
to extract more particles from the bottom phase. To speed up the phase separation 
the tubes are centrifuged. The two phases are then combined and transferred to a new 
centrifuge tube (II). Dextran and methyl cellulose are then added to this tube in order 
to produce a very small bottom phase into which the particles are concentrated. The 
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bottom phase is then collected by making a small hole in the bottom of the plastic 
\ I 


centrifuge tube. The particles are then centrifuged down at a high speed. 

[he starting microsome material consisted of the whole supernatant from rat brain 
tissue which had been homogenized with 4 vols. of buffered sucrose (0-25 M sucrose. 
0-001 M My, Cl, and K,HPO,) and centrifuged at 18,000 ¢ for 15 min. This con- 
tained both the microsomal structures and the soluble cytoplasmic fraction. The latter 


was not removed until the final centrifugation step. Thus the microsomes had not at 
any Stage bee! ed in the centrifuge at high speed, a procedure which was found to 
cause consideradi< reversible aggregation 

Examination in the electron microscope, and chemical analysis of the protein and 


e starting and final preparations, showed that a considerable 


RNA-rich particles has been achieved (for details see Albertsson 


re techniques allow a production of virus suspensions ona 10 | 
are biologically highly active they are extremely dilute 

of virus material per millilitre. To concentrate the virus from 
diluted virus into a small volume is therefore an important 

| a virus. Such a concentration can be accomplished in a two- 
hat the virus particles give a fully one-sided distribution, and 
are collected can be made small compared with the 

culture suspension. A number of experiments with bacterio- 


ruses”: *” have shown that it is possible to construct a polymer 


hls these requirements. Table 3 shows the distribution of some 
uses in such ] ystems, which shows that the viruses are concentrated efficiently 

all bot phase. The concentration is accomplished simply by the addition 
of suitable amou of concentrated solutions of the polymers to the culture fluid 
The mixture ts then shaken and allowed to stand for phase separation. Concentration 
may then also be carried out in many steps so that a concentration of virus from, for 


example, from 10 |. to 10 ml can be achieved. 
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This technique has many advantages over centrifugation. First, packing of the virus 
particles together with impurities can be avoided. This occurs during high-speed 
centrifugation and it often leads to losses in virus activity. Second, since other sub- 
stances such as proteins and cell fragments distribute in a way different to the virus 


TALBE 3. CONCENTRATION OF SOMI VIRUSES INTO THE SMALL BOTTOM PHASE OF A 
DEXTRAN-POLYETHYLENE GLYCOL SYSTEM (DATA FROM WESSLEN et a/.”) 


Titre per ml of Titre per ml of 
bottom pnasc top phase Virus assay 
' 


volume 0-6 mi volume 


Infectivity titres (log va ues) 


Infectivity titres (log values) 


Ne we iStle 


disease 
Influenza ; Hemagglutination titres 
Parotit Hemagglutination titres 


Hemagglutination titres 


Fic. 6. Countercurrent ph ervthrin i dextran—polyethylene glycol syste (From 


distrib 


Albertsson anc 


particles, a considerable purification may be obtained by the phase system at the same 


time as the concentration is being accomplished. Third, the technique is very simple 


and can be applied on a large scale without the use of a complicated apparatus. 


Counter-current distribution of proteins 
Ihe method of counter-current distribution has been shown to be one of the most 


efficient tools for analyzing and separating mixtures of biochemical interest. So far it 
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has mainly been applied to low molecular weight substances such as polypeptides but 
recently a number of smaller proteins have also been successfully distributed.’® One 
of the advantageous features of counter-current distribution is that it is based upon 


several steps, each involving a state of equilibrium. Generally a state of equilibrium is 


supposed to be more easily obtained between two liquid phases than between, for 
example, a solid phase and a liquid phase. For macromolecules this difference in 
equilibrium behaviour may be expected to be more pronounced than for low molecular 
weight substances. It should therefore be of the greatest interest if counter-current 
distribution can be applied also for large molecular weight substances, such as pro- 
teins and nucelic acids. 

Fig. 6 shows a counter-current distribution of a protein, phycoerythrin having a 
molecular weight of 300,000 in a dextran—polyethylene glycol system. The experi- 


mental curve fits the theoretical curve very well, indicating that the protein behaves 


Fic. 7. Separation of phycoeryt! and phycocyanin in a dextran—polyethylene glycol system. (From 
Albertsson and Nyns*.) 


according to the Nernst distribution law. Fig. 7 shows the separation of two proteins, 
phycoerythrin and phycocyanin the latter of which the molecular weight is 150,000 
in a similar system. Thus it appears to be possible to carry out counter-current distri- 
bution of large molecular weight protein in aqueous polymer phase system. 
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ON THE FUNCTIONS OF THE ENDOPLASMIC 
RETICULUM 


T. HULTIN 


The Wenner-Gren Institute, University of Stockholm 


Abstract—R ibonucleoprotein (RNP) particles were purified in a highly active state from 
a number of tissues of the rat. Particle yield varied considerably for different tissues but 
the composition of particles was fairly similar. From the early blastula stage of Psamme- 
chinus eggs active particles were also obtained, and at a higher yield than from preceding 
Stages of development. Mitochondria also yielded protein synthesizing particles in a 
study of other cell components. No significant amino acid incorporation was obtained 
with purified RNP particles when they were used alone. Mechanisms of amino acid 
incorporation are discussed. Experiments show the possibility of a functional inter- 


relationship between endoplasmic particles and membranes 


A Goop deal of evidence has accumulated in the last few years in favour of the idea 
that ribonucleoprotein particles (RNP-particles) are intimately involved whenever 
proteins become synthesized in the cytoplasm. These particles may occur in a free 
State, but they are usually associated with membranous structures of some kind. The 
majority of them are attached to the so-called endoplasmic reticulum, a system of 
submicroscopic ducts and vesicles, by which the cytoplasm is penetrated. Fragments 
of this reticulum can be isolated from tissue homogenates by differential centrifugation, 
becoming concentrated in the so-called microsomal fraction. 

A little more than 10 years ago we observed that in liver the microsomal material 
was characterized by an extraordinarily rapid protein metabolism.' It has subsequently 
been shown, particularly by Zamecnik and his group in Boston, that under suitable 
conditions also isolated microsomes can give rise to an incorporation of labelled 
amino acids into protein.* * 

It has been demonstrated in several different ways that the nucleoprotein constitu- 
ents of the microsomal material are primarily involved in the incorporation reaction.*~* 
In spite of this fact, attempts to obtain amino acid incorporation in vitro by RNP- 
particles, free from adhering membranes, have not been very successful. Recently, 
however, a method has been worked out in our laboratory by Rendi and myself, by 
which it has been possible to prepare relatively pure RNP-particles in a highly active 
state (Fig. 1). 

By use of this method RNP-particles have been prepared from a number of rat 
tissues. As may be anticipated, the yield of particles varied considerably from one 
kind of tissue to another. The composition of the particles, however, was fairly similar, 
with ribonucleic acid (RNA) contents in some cases approaching 40 per cent (Table 1). 
The capacity of these different kinds of particles to incorporate labelled amino acids 
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in vitro was also very much the same, when measured on the basis of equal RNA 
content (Table 2). 

Particles have been prepared in this way not only from mammalian tissues but also 
from sea urchin eggs and embryos. These particles, also, proved quite active in incor- 


poration systems. When particles were isolated from equal samples of embryos, taken 


Mitochondria-free homogenate in 
O-IS M sucrose 
0-025 M KCI 
0-Ol M MgCl, 
0-035 M tris pH 7-8 5 ml 


mix with: (1) 2:5 M KCl in 0-01 M MgCl, 2-0 ml 
2) 10°, Lubrol W in 0-01 M Mac l, O-S ml 


deoxycholate 1-0 ml 


M sucrose 

M KCI 
0-01 M MgCl, 
0-035 M tris 


FiG. 1. Procedure for the preparation of active RNP-particles from liver microsomes. 


at different periods from a developing culture, the total activ ity of the preparations for 
amino acid incorporation rapidly increased in the course of the early blastula Stage 
(Table 3). The hypothesis has previously been advanced that populations of protein- 
synthesizing particles gradually develop in the cytoplasm of the early blastula cells in 
connexion with the primary determination, the process by which the extension of the 
main embryonic regions becomes irreversibly established.’ "© The present results 


seem to confirm this hypothesis. 


TABLE |. PROTEIN AND RNA CONTENT OF FRACTIONS OF RNP-PARTICLES. 
PREPARED FROM DIFFERENT TISSUES OF THE RAT BY THE METHOD ILLUSTRATED IN Fic. 1 


Fresh tissue (mg/g) 


RNA protein 


The method illustrated by Fig. 1 has been used for the preparation of RNP-particles 
not only from the endoplasmic reticulum but also from other cell components. In this 
way Rendi in ou laboratory has obtained good evidence for the presence of such 


protein-synthesizing particles in mitochondria."' It may be justifiable, therefore, to 


propose that we are dealing here with a sort of biological elementary particles, 


universally responsible for the cytoplasmic production of cell proteins. 
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No significant amino acid incorporation is obtained, however. with the purified 
RNP-particles alone, since these have no (or very small) ability to activate the amino 
acids. I feel that the already classical amino acid activating enzymes of Hoagland", 


which mainly occur in the so-called pH 5 fraction of the cell Sap, are too well known at 


present to be more than briefly discussed in this connexion. As is well known. these 


TABLE 2. INCORPORATION OF LABELLED AMINO ACIDS INTO PROTEIN BY RNP-PARTICLES 
PREPARED FROM DIFFERENT TISSUES OF THE RAT 

(The incubation mixture contained : 0-08 moles of “C-amino acids. 1 umole of ATP, 

10 zmoles of phosphoenolpyruvate, rat liver supernate, containing 2 mg of protein, 

and RNP-particles prepared from different tissues and containing approximately 2mg 


Total counts incorporated 


Tissue 


-leucine 4C.; -valine 


Liver 3700 6200 


Kidney 2700 

Brain 2400 4800 

Spleen 2100 3700 
3000 


TABLE 3. INCORPORATION OF C-L-LEUCINE INTO PROTEIN BY FRACTIONS OF RNP- 
PARTICLES PREPARED FROM Psammechinus EGGS AT DIFFERENT STAGES OF DEVELOPMENT 


(The fractions of particles were incubated in a system of the same kind as in Table 2. 
with the difference, however, that the samples of added liver supernate contained about 
10 mg of protein.) 


Particles srepared from Incor Oration 
(counts/min per 


Unfertilized eggs 
Fertilized eggs, 30 min 58 
Blastulae, before hatching 


enzymes (E) are able to activate amino acids (aa) by splitting off pyrophosphate (PP) 
from adenosine triphosphate (ATP): 


aa ATP E — AMP ~ aa PP (1) 


The reaction is reversible, and in the presence of amino acids an isotope exchange 


between added “P-pyrophosphate and ATP is catalysed by the enzymes. This pyro- 


phosphate exchange reaction can easily be measured, and it has frequently been used 


both for qualitative and quantitative studies of the activation reaction.!2—"* It has been 


demonstrated by experiments of this kind that separate enzymes are responsible for 


the activation of different amino acids, although some overlapping may be observed 


7-21 


under certain ! 
By the activation reaction adenylates of the amino acids are formed.’ 1% 2° Amino 


acid adenylates have been prepared also by chemical synthesis.'’: 2. 2% Since these 
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compounds have the chemical character of anhydrides, they are highly reactive and 
spontaneously transfer the amino acid residue to acceptor molecules of different 
kinds, even proteins.*": * However, no such spontaneous transfer of labelled amino 


acids to protein takes place in the enzymic activation systems, and no traces of free 


adenylates occu! [he adenylates, therefore, must be present only in catalytic 
amounts, firmly bound to the enzymes. 

We observed some years ago that the incorporation of labelled amino acids into 
protein by cytoplasmic systems is accomplished by two successive steps :*4 

(1) In the presence of the soluble fraction and a suitable energy supply a derivative 
of the amino acid accumulates in the system, without equilibrating very rapidly with 
the free amino acid pool 

(2) When microsomes are then added, the amino acid is directly transferred from 


this intermediate derivative and incorporated into protein (Fig. 2). It has been shown 


ine into proteu rat liver system, visualized as a two-step 
» mi of cell sap, 0-02 wmoles of “C-L- 


moles « sphoenolpyruvate. A 1000-fold isot > dilution was 


oles Of L-leucine (a) at Zero time, (b) after 5 min of incubation. In 
ises MIcroOso ded alter 5 mu incubation. No significant incorporation was obtain- 


oul added mic es. Trichloroacetic acid is added to the tubes at the periods indicated 


by the Boston worke that the intermediate amino acid carrier is a ribopolynucleo- 
tide, to which the amino acid is specifically transferred from the enzyme-bound 


adenylate: 
AMP ~ aa +- polynuc = (E—) polynuc — aa + AMP* (2) 


lynucleotide iormally associated with the enzyme.” 27 It can be isolated. 
however, from the pH 5 fraction, and purified without losing its activity as amino 
acid carrier in the incorporation system.**. ** There is good reason to believe that the 
interaction between a polynucleotide of this kind and the corresponding enzyme is 
specific, and that different kinds of polynucleotides act as carriers for different kinds 


of amino acids 
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When a purified polynucleotide preparation carrying a labelled amino acid is 
incubated with microsomes or with RNP-particles, the amino acid becomes incor- 


porated into protein. For this to happen, however, the system must contain: (1) a 


proper energy-generating system; (2) guanosine triphosphate; (3) a soluble enzyme 


preparation: 


GTP, enzyme 
(E—) polynuc — aa + RNP — protein - ~ RNP — protein — aa+ ? (3) 


A little more than 2 years ago we became interested in the question: what happens 


with the carrier polynucleotide itself in the course of this final incorporation step? 


Some isotope experiments, carried out by von der Decken and myself*®: ** pertain to 


this question. We observed that under the same exacting conditions (cf. above) 


required so that the nucleotide-bound amino acid could become incorporated into 


protein by a RNP-particle, the polynucleotide itself became associated with the particle 
(Tables 4 and 5) 


TABLE 4 REQUIREMENTS FOR ISOTOPE TRANSFER FROM SOLUBLE POLYNUCLEOTIDES TO 


MICROSOMAL NUCLEOPROTEIN BY A RAT LIVER SYSTEM 


(The prelabelled soluble fraction had been dialysed for 20 hr. The microsomes had been 

prepared from non-labelled, regenerating liver. The tubes (final volumes 5-0 ml) were 

incubated for 8 min at 35 °C, except the control tubes, which were left in the ice-bath. 

PEP = phosphoenolpyruvate (30 moles); ATP, GTP, UTP, CTP = adenosine. 
guanosine, uridine and cytidine triphosphate (3 . moles)) 


Supernatant prelabelled with 


“P-phosphate 4C.adenine 


Counts/min per 100ug 
phosphate in 


Counts; min per 
Cytidylic Uridylic mg RNA 


acid acid 


Microsomes, labelled supernatant 
plus ATP 230 260 

PEP 130 220 

PEP, ATP 870 800 51, 35 

PEP, ATP, amino acids 750 830 52 

PEP, ATP, GTP, UTP 960 915 

PEP, ATP, GTP, UTP, amino acids 970 930 

PEP, ATP, GTP, UTP, CTP 43 

PEP, ATP, GTP, UTP, CTP, amino acids 58, 46 
Kept in ice-bath during incubation 200 360 17, 14 


It is commonly believed that the function of RNA in protein synthesis is to arrange 


the different amino acids in proper order before they become incorporated into a 


developing peptide chain. Chemically, however, it is difficult to understand. how a 


RNA-molecule could act directly upon individual amino acids in this highly dis- 


criminating way. The experiments just mentioned suggest that specific carrier-poly- 
nucleotides may pilot the amino acids into their proper sites on the RNA-*“template”’ 
by becoming associated themselves with identical or complementary nucleotide 
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sequences along the RNA-molecule. We have often tried to illustrate this idea by the 
scheme shown in Fig. 3. On the basis of such mutual interactions between nucleotide 
sequences alone it seems possible to give the template function in protein synthesis a 
chemically intelligible interpretation. Evidence in favour of a “coding” mechanism of 
this kind has been presented also by Hoagland™ 

[he amino acids are bound to the polynucleotide carriers by ester linkages with 


relatively low energy content." The function of guanosine triphosphate in the final 


TABLE 5. REQUIREMENTS FOR ISOTOPE TRANSFER FROM SOLUBLE POLYNUCLEOTIDES 
rO MICROSOMAL RNP-PARTICLES BY A RAT LIVER SYSTEM 


(The incubation system contained in final volumes of 3 ml : 200 ug of labelled, purified 


polynucleotides crosomes corresponding to 2-5 g of fresh liver, 120 ug of pyruvate 
kinase, 200 »g of myokinase. Mg-concentration 0-005 M. After the incubation 
RNP-particles were isolated.) 


Counts min per mg 
ribonucleotide 
Microsomes P-labelled polynucleotide 
s PEP, ATP, GTP 255 
supernatant, GTP 110 
TP. GTP 120 
GTP 205 
ATP, GTP 330 
ATP, GTP 130* 
ATP 195 
ATP, GTP 310 


ice bath during incubation 


incorporation step (3) may be to reactivate the amino acid, possibly by forming an 

imino acid guanylate capable of immediate reaction in situ with the neighbouring 

amino end group of the developing peptide chain. The specificity may thus be gained 
n the incorporation process at the expense of a repeated energy investment 

It is only possible to speculate, at present, about the ultimate fate of the carrier 

polynucleotide. One | ible inference of the polynucleotide transfer (Tables 4, 5) 

ay be of some interest, however, for the debate on the postulated self-reduplication 

| the RNP-particles. When the carrier polynucleotides are stripped of their amino 

of incorporation, the polynucleotide residues themselves may 

r under formation of a new RNA-molecule. This possibility 

s consistent with a number of isotope experiments in vivo, indicating that polynucleo- 
n the cell sap become labelled earlier than the RNA of the particles.™ 

Sachs” that labelled amino acids may become incorporated 

nto protein by | ymes under the influence of a polynucleotide-free prepara- 

[his preparation (“s-protein”) has been further studied in 

and it has recently been somewhat purified by Rendi and 

d s-protein enhanced the amino acid incorporation both by 

isolated RNP-particles. In spite of this, only a small amino 

phosphate exchange was catalysed by this enzyme preparation, and 


ated by “*P-labelled preparations that no nucleotides were present. 
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A characteristic property of the s-protein is its marked sensitiv ity to the redox level 
of the medium. Its action becomes greatly stimulated by sulphydryl compounds like 
mercaptoethylamine and inhibited by oxidative agents (Table 6). As a rule, the amino 
acid in corporation in the presence of s-protein became stimulated by added polynucleo- 


tide. Whether polynucleotide was added to the system or not, the amino acid incor- 


poration by s-protein was strongly inhibited by ribonuclease, and guanosine triphos- 
phate could be shown to stimulate the incorporation process. This seems to indicate 


RNP -PART) 


Fic. 3. Diagram representing the conception of the incorporation process, underlying the poly- 
nucleotide transfer experiments mentioned in the text he carrier-polynucleotides (symbolized by 
dotted circles) are supposed to become specifically attracted by identical or complementary nucleotide 
sequences within the RNA-template (system of continuous circles). The incorporation by the s-protein 
system may occurr independently of the polynucleotide mechanism. Since the incorporation ts strongly 
inhibited by ribonuclease, the template-RNA may participate in the reaction. It is difficult. however. at 


present to visualize how this may occur 


that the two kinds of incorporation systems discussed here, the system with particles 
and pH 5 fraction and the system with particles and purified s-protein, have at least 
the final enzymic path in common (Fig. 3) 


[he problem arises, whether purified RNP-particles are capable of synthesizing 


specific, fully differentiated proteins. This question seems particularly justified in the 


case of the incorporation systems with particles and purified s-protein, freed from 


carrier polynucleotides. We are trying at present to answer this question by studying 


the ability of different systems to incorporate labelled amino acids, not only into 


acid-precipitable protein matter but into specific, characterizable species of protein 
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Iwo different incorporation systems have been tried so far: 


(1) The incorporation of labelled amino acids into haemoglobin by reticulocyte 
particles.” 


(2) The incorporation of labelled amino acids into serologically characterizable 
protein antigens by means of microsomes or RNP-particles from liver.” © 
The experiments, which are carried out by Morgan, von der Decken, Perlmann and 


myself, are still in a preliminary state. So far, no incorporation of “C-.L-leucine into 


TABLE 6. EFFECTS OF POLYNUCLEOTIDE AND REDUCING AGENTS ON THE INCORPORATION 
or “@C-L-LYSINE INTO PROTEIN BY RNP-PARTICLES AND S-PROTEIN 


(The incubation system contained in | ml, 0-08 ~moles “C-L-lysine, | «mole ATP, 
10 oles phosphoecnolpyruvate. MEA mercaptoethylamine; DPN, DPNH 
diphosphopyridi ucleotide, oxidized and reduced; TPN, TPNH triphospho- 


pyridine nucleotide, oxidized and reduced.) 


Counts min per cm 


specific proteins has been observed with certainty in the absence of carrier nucleotides, 
but the experiments are being continued with other amino acids. 

As was mentioned before, the RNP-particles are generally attached to the mem- 
branes of the endoplasmic reticulum. The fact that such RNP-particles, which have 
been freed from the membranes, are also able to incorporate labelled amino acids into 
protein, does not mean that the membrane material is without any influence on the 
incorporation process under physiological conditions. This fact became particularly 
obvious in the incorporation experiments with subcellular preparations from sea 
urchin eggs. It was observed that total homogenates or mitochondria-free extracts 
trom fertilized eggs had a much higher ability to incorporate “C-.-leucine into 
protein than the corresponding preparations from the unfertilized eggs. In parallel 
experiments with isolated RNP-particles this difference was less significant. It is 
tempting to assume that the endoplasmic membranes in the preparations were respon- 
sible for the greatly reduced incorporation capacity before fertilization 

We have observed that in liver the ability of the microsomes to incorporate labelled 
amino acids into protein may become influenced by enzymatic processes taking place 
in the membranes. It has been shown that a number of oxidative and reductive reac- 
tions, related to metabolic detoxication, are catalysed by enzymes in the endoplasmic 
membranes.“~** Under certain conditions such reactions may diminish the activity 
of the particles in incorporation systems. This has been observed in experiments 
0 


with the water-soluble liver carcinogen dimethylnitrosamine,” and further 


examples of inhibitions of this kind by liver carcinogens and by other compounds 
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metabolized by the endoplasmic membranes of the liver have been presented by 
Arrhenius and myself previously at this meeting. 

The experiments discussed here indicate the possibility of a functional interrelation- 
ship between the endoplasmic particles and membranes. It is generally assumed that 
the rate of protein metabolism in a tissue cell is determined under the influence of 
manifold, integrated regulation factors. A factor of supreme importance for the total 
capacity of protein synthesis may obviously be the number of RNP-particles. As was 
mentioned before an increased rate of protein metabolism due to a higher content of 
active RNP-particles can be demonstrated in sea urchin embryos (Table 3°), and a 
similar situation has previously been observed in regenerating rat liver.’ It is ou 


feeling that the particle-membrane interrelationship in the endoplasmic reticulum 


may affect the level of protein metabolism in a more direct and flexible way. 


REFERENCES 
T. Hurtin, Exp. Cell Res. 1, 376 (1950) 
P. Siexevirz, J. Biol. Chem. 195, 549 (1952) 
P. C. ZAMECNIK and E. B. Ketrer, J. Biol. Chem. 209, 337 (1954). 
V. Attrrey, M. M. Darcy and A. E. Mirsky, J. Gen. Physiol. 37, 
T. Hurtin, Acta Chem. Scand. 9, 193 (1955) 
lr. Huvtin, Exp. Cell Res. Suppl. 3, 210 (1955) 
J. W. Lirrceriecp, E. B. Kecver, J. Gross and P. C. Zamecnik, J. Biol. Chem. 217, 111 (1955) 
J. L. Simkin and T. S. Work, Biochem. J. 65, 307 (1957) 
T. Huvtin, Ark. Kemi §, 267 (1953) 
I. Huvtin, Studies on the Structural and Metabolic Background of Fertilization and Development 
Stockholm, 1953 
R. Renpi, Exp. Cell Res. 17, 585 (1959) 
M. B. HOAGLAND, E. B. KeLver and P. C. ZAmecnik, J. Biol. Chem. 218, 345 (1956) 
E. W. Davie, V. V. KONINGSBERGER and F. LipMan, Arch. Biochem. Biophys. 65, 21 (1956). 
. J. A. De Moss and G. D. Novetti, Biochim. Biophys. Acta 22, 49 (1956) 
T. HULTIN and A. VON peR Decken, Exp. Cell Res. 15, 581 (1958) 
R.S. Scuweet, R. W. Houvey and E. H. ALLen, Arch. Biochem. Biophys. 71, 311 (1957) 
P. BerG, J. Biol. Chem. 233, 601 (1958) 
J. A. De Moss, S. M. Genutu and G. D. Nove ttt, Fed. Proc. 15, 241 (1956). 
M. KaARASeK, P. CASTELFRANCO, P. R. KRISHNASWAMY and A. MeEIsTER, J. Amer. Chem. Soc. 80 
2335 (1958) 
. H. S. Kincpon, L. T. Wesster and E. W. Davie, Proc. Nat. Acad. Sci., Wash. 44, 757 (1958). 
R. Scuweet and E. H. Auten, J. Biol. Chem. 233, 1104 (1958) 
. P. CASTELFRANCO, K. MOLDAve and A. MelsTer, J. Amer. Chem. Soc. 80, 2335 (1958). 
D. J. MCCoRQUODALE and G. C. Mue.cer, Arch. Biochem. Biophys. 77, 13 (1958). 
T. HULTIN and G, Beskow, Exp. Cell Res. 11, 664 (1956) 
M. B. HOAGLAND, M. L. STEPHENSON, J. F. Scorr, L. 1. Hecut and P. C. ZAmMecNIK, J. Biol. Chen 
231, 241 (1958) 
E. GLASSMAN, E. H. ALLEN and R. S. Scuweet, J. Amer. Chem. Soc. 80, 4427 (1958). 
A. VON DER Decken and T. Huttin, Exp. Cell Res. 17, 188 (1959). 
28. L. 1. Hecut, M. L. STEPHENSON and P. C. ZAMECNIK, Proc. Nat. Acad. Sci., Wash. 45, 505 (1959) 
29. R. S. Scuweet, F. C. Bovarp, E. ALLEN and E. GLASSMAN, Proc. Nat. Acad. Sci., Wash. 44, 173 
(1958) 
. A. VON DER DeECKEN and T. Huttin, Exp. Cell Res. 15, 254 (1958). 
. T. HULTIN and A. VON peR Decxen, Exp. Cell Res. 16, 444 (1959). 
_M. B. HOAGLAND, Fourth International Congress of Biochemistry, Symposium VILL, No. 2 (1958). 
3. H. G. Zacnau, G. Acs and F. Lipman, Proc. Nat. Acad. Sci., Wash. 44, 885 (1958). 
. T. Huttin, D. B. SLAUTTERBACK and G. WesseL, Exp. Cell. Res. 2, 696 (1951). 
.R. Jeener and D. SZAFARZ, Arch. Biochem. 26, 54 (1950). 
. E. Rew and B. Stevens, Nature, Lond. 182, 441 (1958). 


367 
ae 
a 
a 
. 


T. HULTIN 


Sacus, J. Biol. Chem. 228, 23 (1957). 
Renpi and P. N. Campsect, Biochem. J. 72 
Renpi and T. Hurtin, Exp. Cell Res. 19, 2 
N. CAMPBELI ). GREEN A. Kernor, Biochem. J. 68, 18 (1958) 

S. SCHWEI H. LAMFROM Wash. 44, 1029 (1958). 


Huttin, Nature, Lond 
V. D’Ametio and W. S. MorGan, Exp. Cell Res. Supp! 
1125 (1949) 


B. N. La Du, C. Mrroma and S. Upen 


, 435 (1959) 
§3 (1960) 


ARD and B 
ind E. ALLEN, Proc. Nat. Acad. S« 
PERLMA®* 182. 1530 (1958) 

279 (1959) 


1. A. J. Biol. Chem. 180 
R. Cooper, L. 


PERLMAN®* 
C. Mut 
B. Brop XELROD 


603 (1985) 
Re 13, 47 (1957) 
GSUTMAN, J 


18 2 (1959) 
s,H ‘ and P. N 


ARRHENII 


Chem. 234. 648 (1959) 


109 (1960) 
of 


INS (1958) 
ARRHENIUS nd. 13, 2130 (1959) 


368 
0. P 
a 41, R 
‘> " a 
42.1 
3 
4 $4. Cs 
FRIEND, Science 121 
‘ 
46. T. Exy 
17. U. S. Seat and H. R 
19. T. Huvtin, E. ARRHENI Macee, Biochem. J. 76, 
$0. T. Huttixn, P. N. M Fou International ¢ mistry, 
p = 
i 196! 
Ay 
4 


Biochemical Pharmacology, 1961, Vol. §, pp. 369-380. Pergamon Press Ltd., Printed 


SUBCELLULAR ELECTRON TRANSPORT 
PHOSPHORYLATION SYSTEMS*# 


H. BALTSCHEFFSKY 


Wenner-Gren Institute, University of Stockholm, Sweden 


Abstract— Adenosine triphosphate is known to be a universal carrier of chemical en 


between the energy-yielding and energy-requiring processes of living cells. In chl 


phyll-containing organisms, such as green plants and photosynthetic bacteria, 

induces a phosphorylation of adenosine diphosphate to adenosine triphosphate. The 
fact that this formation of adenosine triphosphate in the chloroplasts of the plants and 
the chromatophores of the bacteria is linked to electron transport invites comparison 
with oxidative phosphorylation in mitochondria. The biochemical mechanisms of 
oxidative and light-induced phosphorylation are discussed. New evidence is given for 
certain similarities and some differences between the mechanisms of electron transport 
phosphorylation in the various systems. The electron transport and phos- 
phorylation reactions involved are not yet completely understood. It appears useful to 
base any working hypothesis for the investigation of electron transport phosphorylation 
in various sub-cellular systems on the established occurrence of similarities Methods 
applied and results obtained with any of the three well-defined sub-cellular electron 
transport phosphorylation systems appear to become increasingly valuable when the 


other ones are being investigated. 


INTRODUCTION 

Asout a half century ago, there existed a rather common opinion, that the phen- 
omenon of life constitutes a revolution against the second law of thermodynamics. 
This law states that the total amount of entropy in Nature is increasing, or, in other 
words, that organization goes towards a minimum. Today it is generally recognized 
that the revolution was only fictional. Life is a “steady state” system and, both when 
taken as a whole and when it is represented in a single organism, it does not have the 
properties of a closed system in equilibrium where the basic laws of thermodynamics 
apply. Life as we define it today ultimately depends on the radiation which the earth 
is receiving from the sun. Chlorophyll-containing organisms in the reactions of photo- 
synthesis use energy from this radiation to build complicated organic molecules, where 
part of the energy consumed for their biosynthesis is conserved. Thus the utilizable 
energy content of these molecules is much higher than that of their primary building 
Stones, water and carbon dioxide. In the reactions where the organic molecules are 
built, an essential role is played by adenosine triphosphate (ATP). 

All available evidence indicates that ATP is the universal. primary carrier of 


chemical energy between the energy-yielding and energy-requiring processes of living 


* “Electron transport phosphorylation” will be used throughout to denote phosphorylation linked 
to electron (or hydrogen) transport along a chain of electron carriers. 

* Abbreviations used in this paper are: ADP. adenosine diphosphate; ATP, adenosine triphos- 
phate; DPN, diphosphopyridine nucleotide: DPNH. reduced diphosphopyridine nucleotide: TPN. 
triphosphopyridine nucleotide; TPNH, reduced triphosphopyridine nucleotide; FMN, flavin mono- 
nucleotide; FAD, flavinadenine dinucleotide; HOOQNO, 2-n-heptyl-4-hydroxyquinoline-N-oxide. 
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cells. Thus, as soon as the light quanta from the radiation of the sun have given away 
their energy to the chlorophyll-containing organism in a photophysical or photo- 
chemical reaction, this energy must be transferred through a suitable metabolic 
system to ATP in order to be useful to the organism. As early as 1943 Ruben! sug- 
gested that coupled oxido-reduction following the photochemical reaction could 
convert radiant energy to “high energy phosphate donors”. 

Recent research has shown that an ATP-generating system, closely linked to the 
photophysical or photochemical reaction, indeed exists. The formation of ATP is 
linked to electron transport. The process was found in 1954 by Arnon et? a/.* in isolated 
spinach chloroplasts and by Frenkel® in extracts of photosynthetic bacteria. It was 
given the name photosynthetic? or light-induced*® phosphorylation. 

Both in bacteria and in plants the system for light-induced phosphorylation is 
localized in sub-cellular, chlorophyll-containing structures: chromatophores in 
bacteria and chloroplasts in plants. Both in bacteria‘ and in plants® adenosine diphos- 
phate (ADP) is phosphorylated to ATP in the energy-trapping reactions. This resembles 
oxidative phosphorylation of mitochondria. How close this resemblance appears to 
be and what similarities and differences the bacterial and the plant systems for light- 
induced phosphorylation show, when compared with each other, will be the subject of 
this lecture 

One could divide the items to be compared into three categories: structure of 
the particles, mechanism of the electron transport, and mechanism of the phosphory- 
lation reactions. Only the two first groups will be dealt with in some detail, as know- 
ledge about the third is still very limited. The reason why light-induced phosphory- 
lation in plant chloroplasts and bacterial chromatophores will be compared with 
oxidative phosphorylation in animal mitochondria, and not in plant mitochondria or 


bacterial structures, is that most of the available information about mitochondria and 
oxidative phosphorylation has been obtained with animal material. Functional 
properties of the systems for light-induced phosphorylation will be represented by 
those from the best known sources in this respect: the photosynthetic bacterium 


Rhodospirillum rubrum in the case of bacteria and spinach tn the case of plants 


SUB-CELLULAR STRUCTURES FOR 
ELECTRON TRANSPORT PHOSPHORYLATION 
Three different sub-cellular sites for electron transport phosphorylation, namely, 
animal mitchondria, plant chloroplasts and bacterial chromatophores, will be briefly 
described and compared. Our knowledge about them is derived mainly from electron 
microscopic and biochemical studies. 


inimal mitochor } are usually somewhat elongated in vivo. A normal size of liver 


and heart muscle mitochondria is approximately 0-5 by 2 «. They are surrounded by a 
double membrane* and reveal more or less densely packed, parallel internal double 
membrane structures.*: * Each double-membrane is considered to consist of two 
protein layers and a lipid layer. The electron transport chain is intimately connected 
with the membranes. The electron carriers appear to be oriented in the membranes 


or a network of “sub-units”’. 


‘ 9 


and arranged in functionally suitable “‘assemblies’ 
From the mitochondria it has been possible to isolate components of the electron 
transport chain as free coenzymes, as proteins and as lipoproteins. Oxidative phos- 


phorylation has been obtained in suspensions of sub-mitochondrial particles (from 
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isolated mitochondria) but not in solution. The phosphorylating sub-mitochondrial 
fragments described by Cooper ef a/.’° were reported to have a particle weight of 50 
million. 

Plant chloroplasts are lamellar bodies of varying size and shape. They can be several 
microns in diameter. In higher plants the lamellae are differentiated into the non- 
pigmented stroma lamellae and the more or less cylindrical, pigmented, chlorophyll- 
containing grana lamellae. The lamellar bodies appear to consist of alternating 
lipophilic (lipid-containing) and hydrophilic (protein-containing) layers of a double 
membrane" nature. The lipid- and protein-containing layers have been proposed to be 
separated by monomolecular films of chlorophyll molecules, with their lipophilic 
phytol chain reaching into the lipid layer."* The chlorophyll content of chloroplasts 
on a dry weight basis is 5—6 per cent. A minimal functional sub-unit in the chloroplast 
has been suggested.’ It would contain 100-300 chlorophyll molecules. Two com- 
pounds capable of undergoing oxidation and reduction which are found in chloro- 
plasts, and to which an electron transport function has been ascribed, have been 
quantitatively determined in relation to chlorophyll. They are vitamin K, and cyto- 
chrome /. The ratio of chlorophyll to vitamin K, is roughly 250" }° and chlorophyll 
to cytochrome / about 170, according to a recent estimation.'® Thus a possibility 
exists that every proposed photosynthetic sub-unit of the chloroplast is structurally 
and functionally related to a single electron transport chain. 

Bacterial chromatophores are comparatively small organelles. Those of Rhodo- 
spirillum rubrum have an estimated diameter of 400 A and a tentative “molecular 
weight” of 30 million.’’ A single cell is reported to contain about 5000-6000 chromato- 
phores which seem to be evenly distributed throughout the cell. It is still a matter of 
disagreement whether the bacterial photosynthetic apparatus contains lamellar 
structures'*: or not.*° According to Newton and Newton! Chromatium chromato- 
phores contain 200 molecules of chlorophyll-chromatophore, and the ratio chloro- 
phyll-carotenoid—cytochromes is 10:5: 1. The figure 200 invites comparison with 
the figures 100-300 in the postulated chloroplast sub-unit 

\s an example of the difference in size between chloroplasts of algae and higher 
plants and bacterial chromatophores, Euglena chloroplasts are from two to three 
times the size of the whole bacterium Rhodospirillum rubrum. As Kamen and Newton” 
have pointed out, one may regard a photosynthetic bacterium as analogous to a chloro- 
plast and the chromatophores as analogous to the chloroplast grana. A chromatophore 
may perhaps also be compared with the postulated sub-unit of the grana membranes. 

y, the comparison between the structures of mitochondria, chloroplasts 
and chromatophores shows certain similarities. Present knowledge allows only a dim 
perception of the details of the various structures. In the search for common denomina- 
tors one should not neglect the major functional difference between chloroplasts and 
chromatophores, which transform light energy to chemical energy, and mitochondria, 
where respiration and oxidative phosphorylation seem to be the main function. 
In a symposium such as this, however, one may perhaps be allowed to speculate 
about why electron transport phosphorylation is confined to particles. Oriented double 
membranes which provide both hydrophilic and lipophilic phases dominate the 


pictures of mitochondria and chloroplasts, and have been suggested to occur in the 
chromatophores also. As will be discussed below, both hydrophilic and lipophilic 
compounds seem to take part in electron transport phosphorylation. Consequently 
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the phase boundary between the lipophilic and hydrophilic phase can be assumed to 
contain the electron transport phosphorylation system. The reason why particles are 
necessary may be that they can provide this boundary between two phases. Assuming 


y surface means great capacity for electron transport phosphory- 


boundar 


that grea 
it the achitecture of the particles is remarkably rational. 


lation, one finds 
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esent about clectron transport and oxidative 


An outline of at is known at pr 
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To sum up, there may be four different types of compounds carrying electrons from 


substrate to oxygen in animal mitochondria: pyridine nucleotides, flavoproteins, 
cytochromes and quinones. 

Although many attempts have been made during the last ten years to clarify the 
mechanism of oxidative phosphorylation it is essentially still obscure. Several general 
or specified mechanisms have been suggested. **-** but a detailed and comprehensive 
logical picture is lacking. Thus it may suffice hereto mentionafew generally accepted facts 

(1) Owing to the flow of two electrons between DPNH and O,, three molecules of 
ATP are formed. Two are formed between succinate and O,, two between DPNH and 
cytochrome c and one between cytochrome c and O, 

(2) The normal potentials of the redox systems involved are such that the above 
values are energetically feasible. 

(3) When the electrons flow in the electron transport chain from a higher energy 
level to a lower, they give off potential energy. This energy is utilized to link inorganic 
phosphate by a “high energy bond” with an intermediate phosphate acceptor. The 
product reacts with ADP to give ATP. 


Light-induced phosphorylation in bacterial chromatophores and plant chloroplasts 

Light-induced phosphorylation has been shown to be linked to electron transport, 
for example by means of its stimulation by electron carriers and inhibition by typical 
inhibitors of electron transport. In the presence of light, photosynthetic systems are 
capable of producing a reductant and an oxidant. Light-induced phosphorylation is 
generally pictured as resulting from the reaction of these with each other over a chain 
of electron carriers. The concept of an electron transport chain in light-induced 
phosphorylation immediately suggested the possibility that similiarities existed between 
this system and that of mitochondrial oxidative phosphorylation. Current views of 
electron transport in light-induced phosphorylation will now be presented, and after 
this some of our own results will be demonstrated and discussed. 

The result reported by Smith and Baltscheffsky*’ that 2-n-heptyl-4-hydroxyquino- 
line-N-oxide (HOQNO) completely inhibited light-induced phosphorylation in 
extracts of Rhodospirillum rubrum indicated that the process in bacteria was linked to 
electron transport. The inhibitor is known to block the electron transport in animal 
mitochondria between cytochrome 6 and cytochrome c,.4° The assumption that the 

n is identical or very similar in the bacterial extracts is supported by the 
‘ that also antimycin A and SN 5949 (a naphthoquinone) which act at 


vel as HOQNO in mitochondrial electron transport inhibit the bacterial 


syste urther support for similarity between the two systems was obtained when 
Smith and Baltscheffsky,“ working with both whole cells and extracts of R. rubrum. 


found that HOQNO caused a reduction of a h-type ¢ yme and an oxidation of 
cytochrome ¢,, as compared with the uninhibited systems. This finding demonstrated 


participation of cytochromes in the electron transport reactions of light-induced 


phosphorylation in bacteria. The following scheme was given to account for the results: 


“photochemical apparatus” 


reductant — cytochrome chain including cytochrome c,—> oxidant 
and probably a b-type cytochrome 
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Up to now it is the most detailed scheme given for electron transport in light-induced 


‘ 


f bacteria. On the basis of the above-mentioned studies, Frenkel 


phosphorylation 


has also included cytochrome c, in a schematic representation of electron transport in 


ylation of R. rubrum chromatophores® (cf. Frenkel™). 


light-induced phos 


Several electron carriers have been suggested as physiological co-factors in light- 
induced phosphorylation of plants. In contrast to the chromatophores of R. rubrum 
ysphate esterification have been obtained without addition of 
external electron ¢ rs, isolated plant chloroplasts have given only extremely low 
rates of light-ind wmation of ATP in the absence of added electron carriers. In 
the presence of s such as menadione,” FMN* or phenazine methosulphate* 

th rates of { phorviation have been obtained.'* When considering clectron 
transport propert t-induced phosphorylation of isolated spinach chloroplasts 
be kept presence of an added carrier may possibly introduce a 


or greater portion ota phys ological electron 


In 1955 Arnot . 4 found that ascorbate, flavin mononucleotide and mena- 
ites duced phorylation in isolated spinach chloroplasts. They 
d that t sion of | t energy into the pyrophosphate bond energy ol 


‘to the lollowing tentative sc 


“asco! bate 


In this scheme rhe ysed in the Hill reaction*’ to a reductant and an 


tr porting lectrons trom the former to the 


the 


In a very recent e¢ on photosynthesis Arnon™ suggests that ATP can be formed 
n the presence of n chloroplasts of green plants along three different pathways 
(1) the cyclic elect transport system involving vitamin K and a cytochrome, (2) 
the cyclic electron transport system involving TPN, flavin mononucleotide and cyto- 


chromes, and (3) the “open” non-cyclic mechanism, which transports electrons from 


chlorophyll to TPN. In (3), molecular oxygen is produced in an equivalent amount to 


the TPN reduced. In this system or in model experiments, where ferricyanide” is 


substituted for TPN, one molecule of ATP is formed for each two electrons reaching 


the acceptor. A different sensitivity towards various inhibiters (o-phenanthroline, 
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2 : 4-dinitrophenol) and towards chloride ion has prompted the postulation of the 
separate clectron transport chains. 

Practically nothing is known about the mechanism of the phosphorylation reactions 
in light-induced phosphorylation. Mg?*-ion is a necessary co-factor for the formation 
of ATP both in chromatophores' and chloroplasts.” In isolated chloroplasts no 


ATPase reaction or exchange reaction between ATP and ®P was found by Avron and 


iu 


Jagendort,*’ who took this as evidence that the last phosphorylation reaction 


irreversible. On the other hand, we have shown that a Mg?**-stimulated ATPase 


activity exists in isolated spinach chloroplasts.°* Oligomycin A, whic! 
to act on a phosphate transfer reaction in mitochondrial « 


inhibits strongly light-induced phosphorylation in bacterial chromatophore 


y 
Fic. 2 fect imytal on light-induced phosphory 
Chromatophor rimental detail 
azents were used 

iscorbal he phenazine met 


and two experiments, respectivel 


low. With the exception of the phenazine methosulphate series all tubes contained 30 


ascorbate. Further experimental details as in Baltscheffsky Partially reproduced from 


Scan hy 


has very little effect in plant chloroplasts." This may indicate that the phosphoryla- 
tion mechanisms are different in these two systems. 

Recently we have obtained some new information about the electron transport in 
light-induced phosphorylation using certain well-known inhibitors of electron 
transport in phosphorylating animal mitochondria. The inhibitors employed were 
amytal, atebrin, antimycin A and HOQNO. In mitochondria, amytal acts between 
diphosphopyridine nucleotide and flavin,® ® atebrin at the flavin level®: © and anti- 
mycin A and HOQNO, as mentioned, between cytochrome / and cytochrome ¢,. 

As is shown in Fig. 2 amytal did not inhibit light-induced phosphorylation in either 
chromatophores* or chloroplasts. This suggests that photosynthetic systems lack an 


* Mrs. M. Baltscheffsky participated in most of the experiments with photosynthetic bacteria. 
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step identical with that between DPNH and flavin in phosphory- 
1. Earlier it has been shown that diphosphopyridine nucleotide 
is of atebrin strongly inhibited light-induced phosphorylation in 

um rubrum. This is shown in Fig. 3, where it can also be seen 
e both of stimulating markedly the light-induced phosphorylation 
ng the inhibitory effect of atebrin. The evidence from these three 
ndicates that flavin is involved in light-induced phosphorylation 


4 it is demonstrated that atebrin also strongly inhibited the chloro- 


diess of whether phosphorylation had been initiated by addition of 


de, flavinadenine dinucleotide, menadione, ascorbate or phen- 
lhis indicates that an endogenous flavoprotein must be involved. 
FAD-containing TPNH-specific diaphorase which has been 


t 


yplasts by Avron and Jagendort®™ and can reduce both flavin 
nenadione. In the chloroplast system no release of the inhibition 
vas obtained with FAD. On the contrary, it was observed that 
6] 
ywn that antimycin A and HOQNO in similar concentrations as 
block mitochondrial respiration’: ** gave an inhibition of the 
ced formation of ATP, whereas in order to obtain inhibition in 
a roughly thousandfold greater concentration of these inhibitors 
us, whereas a component of similar nature appears to be acted 
dria and in chromatophores, the nature of the action of these 
oroplast system is clearly different in some way. From the labora- 
dence has been reported that antimycin A may act upon coenzyme 


Q in mitochondria. It is interesting in connexion with the inhibitor studies just reported 
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that coenzyme Q also has been found in Rhodospirillum rubrum™® and that “plasto- 
quinone’, a similar but not identical quinone is concentrated in chloroplasts." 

lhe inhibitor studies reported here have supplied evidence for a role of endogenous 
flavin in light-induced phosphorylation, and flavin is included in the tentative scheme 
given for the electron transport of this process both in chromatophores and in chloro- 


plasts. As is seen from the schemes, endogenous flavin is assumed to participate in the 


utebrin on light-induced phosphorylation in chloroplasts. The following 


FMN, FAD henazine meth phate, @ n 


te. The rate of phosphorylation in the ascorbate series was extremels 


Wile 


he FAD and phenazine methos ilphate series all tubes contained 30 zmoles of asc 


imental details as in Baltscheffsky*'. Partially reproduced from Acta Che m. Scand.®* 


electron transport whichever of the stimulatory agents menadione, flavin mono- 
nucleotide or phenazine methosulphate, is used. 


Chromatophores 


flavoprotein —- b-type cytochrome —- coenzyme Q — cytochrome c, 


Chloroplasts 
flavoprotein — | — ? 
menadione 
.< flavin mononucleotide 
| phenazine methosulphate 


In support for the position of flavin in chromatophores in the same chain as the other 
components may be mentioned the demonstration that the flavinadenine dinucleotide- 
stimulated part of light-induced phosphorylation was inhibited by low concentrations 
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of antimycin A and HOQNO.” Further support for the position of flavin comes from 
venazine methosulphate, which provides a by-pass for electrons 


the finding that p 
re antimycin A and HOQNO inhibit the light-induced phosphory- 


around the site w 


to be an acceptor of electrons from flavo- 


lation in bacteria‘ has been shown 


enzyme™* * in a mitochondrial system. 

If menadione, flavin mononucleotide and phenazine methosulphate act as stimu- 
lating agents for light-induced phosphorylation of tsolated chloroplasts by providing 
blocked physiological step in the electron transport sequence, 


a by-pass around 1s 


it is possible that several of the electron carriers ich have been found in chloroplasts 


A and HOQNO oht-ing d phosphorvlat 

ne nen 
HOONOQO. Exper 


op ists and 

also contain a 

*), the previously mentioned coenzyme Q-like 
spectrally c-type cytochrome (cytochrome /*‘). 
ement of individual electron carriers in chloroplasts 
e for chromatophores may be possible. From the little 
1¢ redox potentials of the cytochromes” would agree with 
retic data obtained by Chance and Sager** do not support 
irly, the mec sms for electron transport and for formation of ATP in different 
investigator challenging problems. It is hoped that this presenta- 
pression that interesting similarities have already been found 
between the different systems for electron transport phosphorylation, and that possibly 
more similarities are only waiting to be demonstrated. The fact that organelles as 


different as animal mitochondria, plant chloroplasts, and bacterial chromatophores 
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have been shown to exhibit several common denominators with respect to their 


ATP-generating function indicates the usefulness of applying a comparative bio- 
yin} | 


chemical approach in this area. Although certain differences have been revealed, and 


others may be anticipated, it appears fruitful at present to base any working hypo- 


hy 


thesis for the investigation of electron transport phosphorylation in various sub- 


cellular systems on the established occurrence of important similarities. 
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LIPOPROTEINS AND ELECTRON TRANSPORT 


J. JARNEFELT 


Department of Medical Chemistry, University of Helsinki, Finland 


Abstract— Mitochondrial enzymes are arranged according to a specific pattern. Lipids 


have been implicated as important components in mitochondrial organization. Some 


properties of three isolated mitochondrial lipoproteins, the coenzyme Q-lipoprotein, 


the cytochrome c,-lipoprotein and the lipoflavoprotein are reviewed, and their role in 


the function of the electron transport system is discussed. 


OUR current concepts of mitochondrial structure are twofold: the one is based on 


evidence obtained with the electron microscope, the other on biochemical evidence. 


It is now very firmly established that mitochondria carry out a great number of 


fundamental biochemical reactions, the proper functioning of which is essential to all 


life. Thus a great number of reactions take place in mitochondria, and the appropriate 


enzymes catalysing these reactions are located within them. The question arises 


whether these enzymes are randomly distributed in the mitochondrion, or whether 


they are arranged according to some pattern. The available evidence strongly favours 


the latter view of a rigid and meaningful structural organization of the mitochondrial 


enzymes. 


Let us not consider this evidence in detail, since it has been discussed elsewhere! and 
earlier at this Symposium*, but rather move on to some particular aspects of mito- 


chondrial organization, which have arisen in connexion with studies on mitochondrial 


lipids. It is well known that in addition to a number of redox components, the flavo- 


proteins and the cytochromes, the mitochondria and particles derived from them 


contain high proportions of lipid material. The electron transport system, when 
isolated in the form of the ETPy-particle,® which oxidizes DPNH* and succinate by 


molecular oxygen and concomitantly esterifies phosphate to form ATP, contains 


about 30 per cent of lipid. 


C oenzvine 


Among the mitochondrial lipids there are specific components that may take part 


in oxidation-reduction reactions. One such, namely coenzyme Q*~* has recently been 


characterized and studied in detail, and found to be an essential component of the 


system bringing about oxidative phosphorylation. Coenzyme Q is a tetrasubstituted 


benzoquinone with two methoxy groups, one methyl group and a long chain con- 


sisting of isoprene units as the substituents. The number of isoprene units in the long 


chain varies from one species to another: mammalian coenzyme Q contains ten isoprene 


units. The absolute requirement for coenzyme Q in the succinoxidase system and its 


* The following abbreviations are used: ATP, adenosine triphosphate; CoQ, coenzyme Q; CoQH, 
dihydrocoenzyme Q; cyt. c, cytochrome c; cyt. c,, cytochrome c,; DPNH, reduced diphosphopyridine 
nucleotide; ETP and ETP, the electron transport particle; FAD, flavin adenine dinucleotide: 
SDC, the succinic dehydrogenase complex. 
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beautifully demonstrated by Lester and Fleischer’. Extraction of 
rganic solvents, such as isooctane or acetone abolishes their 


Coenzyme Q fully restores this activity. That the restored 


es the activity originally present is shown by the fact that it is 
by antimycin A. The specificity for coenzyme Q in this system is 
other compounds reported to restore the activity of solvent 
se particles, including some simple derivatives of coenzyme Q 


ivity at all 


in equally important link in the electron transport chain, such 
conclusively shown by Hatefi*. Thus mito- 
yme Q shows changes corresponding in its oxidation—reduc- 


ese other components, and it conforms very nicely with the 
given by Chance and Williams®. Its involvement in electron 


¢ phosphorylation in intact mitochondria seems well established 


ti 


of lipoproteins have been isolated from mitochondria. This 


uch light on the structure and function of the electron transport 


poprotems contains one of the principal components of the 


of course, makes them especially interesting 


ne structure olf the system and of its function 


ese lipoproteins from chondrial suspensions has been made 


i reagents, which readily interact with lipid materials 


itochondria by the use of isobutyl 
bile acids," encouraged investigations on their 
irial fragments. The fraction most thoroughly studied 
ogenase complex (SDC).'° Upon treatment with 
nearly saturating KCI, the SDC was fragmented 
natic and chemical characteristics 
and it could be separated from 
sulphate fractionation 
t concentrations has proved to be 
with liberation of two 
particles obtained from SDC through the use 
uc is jsooctane. | pon lyophiliza- 
poprotein with a strong diaphorase 


ng agents has led to the tsolation 
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$s guite conceivable that the use o 


future permit isolation of other lipoproteins fron 


ul lipoprotein to be isolated was the coenzyme Q—lipoprotein 
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and ts stable upon storage at 4 °C but cannot be frozen. The 
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proportion of the total coenzyme Q in the original succinic dehydrogenase complex 
(SDC) ts recovered in the lipoprotein 


Phe coenzyme Q-lipoprotein has been studied in considerable detail, and it exhibits 


many interesting properties, which give it a key position in the electron transport 


mechanism and possibly also in oxidative phosphorylation. The first role assigned 


the lipoprotein was that of a link between the succinic and DPNH dehydrogen 


systems in SDC." This interpretation was based on the observation that these 


dehydrogenases were separated from cach other during the isolation of the lipoprot 


It is now quite clear, however, that this cannot be the only, or even the main, funct 


of the lipoprotein. 


4 very interesting property of the coenzyme Q-lipoprotein is its ability to take up 


and bind substances from the surrounding medium. In this ability the lipoprotein 


shows considerable specificity, as is shown in Table |.'° Coenzyme Q is taken up in 


TABLE | 


UPTAKE OF SOME COMPOUNDS BY THE COENZYME Q LIPOPROTEIN 


Compound 


e amounts, whereas the three other lipid soluble compounds, a-tocopherol, vita 


A and vitamin K, are bound to a much smaller extent. The affinity for CoQ is thus 


much higher and gives further support to the concept that CoQ ts the natural redox 


component of the lipoprotein 


Cytochrome c is also bound to a considerable extent. Here a very remarkable 


specificity for mammalian cyt. c 1s evident, as cytochrome c tron {zoltobact Is nol 


bound. When cyt. c is bound by the lipoprotein it exhibits changes in properties, and 


can now be re-extracted from the lipoprotein with heptane. A similar lipid—cytochrome 
can also be prepared by the use of particles such as EI P, as Widmer and Crane’*® have 
shown, since these particles contain the lipoprotein. The ability of the lipoprotein to 


bind CoQ and cyt. c will be seen to be of importance later on, when the functional 


role of the CoQ lipoprotein is evaluated. 


Enz Svstems requiring the coenzyme O-—lipoprotein 


\ number of enzyme systems requiring the presence of the CoQ-lipoprotein for 


their proper function have been prepared. As a matter of fact, the isooctane extracted 


ETP is one such system.‘ Its succinoxidase activity is restored by the addition of the 


CoQ-lipoprotein and the amount of CoQ needed in the form of the lipoprotein is 


indeed much smaller than when free CoQ is added. 


Coenzyme Q oxidase 
An enzyme isolated from mitochondria, called CoQ oxidase,’ also shows a require- 
ment for the lipoprotein (Table 2). This enzyme, which contains only cytochrome a 
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catalyses the oxidation of dihydrocoenzyme Q by molecular 


ibsolute requirement for added cyt. c, and a very strong require- 


r the lipoprotein. These two components can in part be replaced by the earliet 


chrome c. Dihydrocoenzyme Q is thus oxidized only in 


nd especially its lipid soluble form or lipoprotein bound cyt. c. 


ar enzyme, cytochrome c oxidase, has also been isolated from 


acuvily this enzvme shows a similar requirement 


IMENT FOR COENZYMI QO LIPOPROTEIN AND CYTOCHROME CIN THI 


ME Q OXIDASE AND CYTOCHROME ¢ OXIDASE SYSTEMS 


Co CoQ oxidase 


one 


Prot 
popre 


tein 


poprotei 


ASE AND CYT. C OXIDASI 


Wien 


property 


th contain only cytoc!l 


pared in respect of their substrate specificity. Coenzyme Q 


es both dihydro-CoQ and ferrocytochrome c, whereas cyt. « 


xidise dihydro-CoQ at a speed comparable to the rate of ferro- 
ion. It therefore seems possible that cytochrome oxidase is a 


arc 


dihydro-CoQ to cytochrome c. From all the data on the two 


The latter can be stripped of an enzyme necessary for trans- 
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oxidases and their requirements for maximal activity, it is possible to place cyt. ¢ with 
considerable confidence between coenzyme Q and cytochrome oxidase in the oxidation 
sequence. 

So far it has not been possible to decide with any certainty which is the member of 
the electron transport chain from which CoQ receives electrons. An experiment by 
Hatefi’’ seems to rule out cytochrome c,. Cytochrome oxidase supplemented with 
catalytic amounts of cyt. c, rapidly oxidises purified ferrocytochrome ¢ »- The rate of 
oxidation is almost the same as that obtained for lerrocytochrome c under the same 
conditions. Coenzyme Q does not seem to be implicated in this oxidation of ferro- 
cytochrome c,, and one may therefore conclude that cyt. c, can be oxidized through the 
mediation of cyt. ¢ only. 

Although much misunderstanding may arise from the presentation of pictures 
describing electron transport pathways, the data discussed above have been sum- 


marized in Fig. 1, which is based mainly on a discussion by Hatefi!?, The encircled 


Pic. 1. The flow of electrons from cytochrome c, and coenzyme Q to oxygen 
1 


area represents the coenzyme Q lipoprotein, which is shown to contain both CoQ and 
cyt. ¢. CoQ is there in the first place, when the lipoprotein is isolated and. as was 
shown, cyt. ¢ is readily bound by the lipoprotein. The oxidation of added external 
CoQH, starts by equilibrium with the CoQ in the lipoprotein. Electrons are then 
transferred to cyt. c by an enzyme present in the CoQ oxidase . as indicated. Cyt. « 
is then oxidized by the cytochrome oxidase, which transfers the electrons to molecular 
oxygen. The oxidation pathway of cyt. c, is also shown, and passes again through 
cyt. c. Cyt. ¢ thus seems to be at the cross-roads. collecting electrons from at least 
two directions and being oxidized by a single oxidase. 

What there should be on the left side of this diagram is not fully known. So far it 
seems that there is insufficient evidence as to which components of the electron 
transport system directly precede CoQ and cyt. c,. There are, of course. not many 
components left, but their arrangement still presents a puzzle. 


Cytochrome c¢, lipoprotein 

In addition to the CoQ lipoprotein, a lipoprotein containing or associated with 
cytochrome c, has been isolated." In the first phase of the isolation of cyt. c, from 
SDC, this cytochrome is obtained in a form containing about 50 per cent lipid. 
lable 4 shows some data on this complex and the purified cyt. c,. The fact that the 
lipoprotein-cyt. c, does not contain any CoQ and has a much lower phospholipid 
content than the CoQ-—lipoprotein, makes it probable that the lipoprotein associated 
with cyt. ¢, is not identical with the CoQ lipoprotein. Furthermore, the latter could be 


isolated in good yield by the same procedure as the cyt. c, lipoprotein but appears 
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during the isolation procedure in an entirely different fraction. The formidable 
difficulties of obtaining any sizeable amounts of the cyt. c,-lipoprotein have so fai 


made a more detailed study of its properties impossible. 


solation and characterization of mitochondrial components in 


their natural for as met with extremely interesting success in the isolation by 


THE TWO FORMS OF CYTOCHROME ISOLATED’ 


Ziegler et a/."* of a flavolipoprotein showing a very high diaphorase activity 


One of the ob ns that led to this discovery was that the activity of ETP, when 


expressed as DPNH oxidized per unit of flavin, was very much higher than in the 


purified DPNH-~« reductase preparations described by Mahler er a/.'” and by 196 
de Bernard®®. This fact is shown in Table 5. The recently isolated lipoflavoprotein 


ACID EXTRACTABLE FLAVIN 


DPNH 
DPNH 
DPNH 


nentioned above, and the 


St b=! diaphor: about equally purified. In the cytochrome reductase, none of 
( y and quantitatively extracted by acid, can be assayed as FAD 

dase system.'*: *° In the others, the Straub*' diaphorase and 

e lipoflavoprot ll of the flavin is accounted for by FAD. There are also 
considerabl flerences in the activities of the different flavoproteins when different 


electron acceptors are used. The lipoflavoprotein shows the highest activity with ferri- 


cyanide, whereas the lipid-free flavoproteins are practically inactive with ferricyanide 


but show a very high activity with methylene blue as electron acceptor. The similarity 


In properties between the classical Straub diaphorase and a flavoprotein obtained 


from the lipoflavoprotein by complete removal of the lipid is most striking, as is the 


change in properties when this conversion takes place. 
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The question about the relation between the Straub*' diaphorase and the cyt. « 
reductase'®: 2° now seems to be settled in the light of the evidence provided by the 
extraction of the lipoflavoprotein. Table 6 shows that the extraction method used for 
the liberation of the cyt. c reductase is capable of converting its flavin into a form 
which does not function as FAD in the D-amino acid oxidase assay, while the other 
extraction method does not lead to such a conversion. The form of flavin encountered 
in the cyt. c reductase is thus an artifact of preparation, and one may therefore ask 


TABLE 6. RECOVERY OF FLAVIN IN THE PREPARATION OF DIAPHORASES FROM ETPH By 
TWO DIFFERENT EXTRACTION METHODS 


Total acid extractable flavin FAD 
Enzyme (mumoles/mg) recovery) 


100 
Lipoflavoprotein 

(first extract) 98 
Cyt. c reductase 

(first extract) 


From Ziegler et al.'* 


whether the cyt. c reductase activity might not also be an artifact, since it is not 
present in the lipoflavoprotein or the Straub diaphorase, which both contain FAD 
only. Such a situation necessitates a re-evaluation of the concepts of electron transport 
pathways in mitochondria. 


CONCLUDING REMARKS 

The lipoproteins which I have described in the foregoing show many interesting 
properties. Their role in electron transport is not yet fully understood, but the observa- 
tion, that three of the main components of the terminal oxidation sequence, dia- 
phorase, cyt. c, and CoQ are closely associated with lipoproteins is very suggestive. 

Apart from the role in electron transport which must be attributed to the lipo- 
proteins, a role in the mechanism of oxidative phosphorylation has to be envisaged. 
Recently Clark ef a/.** (and other authors) have indicated that compounds having 
the quinone structure may play a decisive role in phosphorylation. Furthermore, 
Liw* has produced evidence of the direct participation of mitochondrial flavins in 
the ATPase and ATP-inorganic phosphate exchange reactions, which have been 
thought to be “shadows” of oxidative phosphorylation. 

This evidence must now be considered in the light of the investigations of Grabe*, 
which indicate that phosphorylative processes may be favoured by a milieu where 
access of water to the phosphate compounds, presumably formed as intermediates, is 
restricted. The lipoproteins could obviously provide such a water-free environment, 
and the fact that quinone-like compounds (CoQ and flavins) have been found associat- 
ed with lipoproteins, makes the assumption that the lipoproteins play a role in oxida- 


tive phosphorylation even more attractive. 
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THE ROLE OF NORADRENALINE 
AND 5-HYDROXYTRYPTAMINE IN THE CENTRAL ACTION 
OF RAUWOLFIA ALKALOIDS AND BENZOQUINOLIZINE 
DERIVATIVES 


M. K. PAASONEN 


Department of Pharmacology, University of Helsinki, Helsinki, Finland 


Abstract—Sedative-like Rauwolfia alkaloids lower the content of 5-hydroxytryptamine 
and noradrenaline in brain and other tissues. Benzoquinolizine derivatives lacking an 
indole group have a similar effect upon these amines. A difference in these two classes of 
compounds was found when the latter substances produced a short sedative effect and 
brief depression of the amines. In general the results suggest a causal relation between 
the pharmacological action of the two types of drugs upon the central nervous system 
and monoamine metabolism. Studies with other benzoquinolizine compounds show a 
differential effect upon the two amines so that noradrenaline depletion may cause 
sedation. Reserpine-like drugs do not have identical effects upon brain and peripheral 
amines. It is possible that tranquilizing effects are exerted through depletion of nor- 


adrenaline or 'ts precursors or of other substances yet unknown 


FOLLOWING the work of Pletscher er a/.', Carlsson and Hillarp* and Holzbauer and 


Vogt® several reports have been published, which show that reserpine lowers the 


content of 5-hydroxytryptamine (5-HT) and catechol amines, particularly noradrena- 
line (NA), in the brain and various other tissues. Among Rauwolfia alkaloids only 
those with sedative action (reserpine, raunescine, deserpidine, rescinnamine) produce 
depression of the two amines.*: ° Pletscher et a/.®:* have found a second group of 
substances, which, like Rauwolfia alkaloids, cause sedation as well as NA and 5-H 
depletion in the brain. These are synthetic benzoquinolizine derivatives having no 
indole group. 

After Rauwolfia administration the content of NA and 5-HT diminishes gradually 
during several hours and the sedative action also becomes clear only after a con- 
siderable latent period. Reserpine, apart from small traces, 1s metabolized in most 
tissues long before the pharmacological effects have been fully developed.*: * Benzo- 
quinolizines, on the other hand, produce a comparatively short-lasting depletion of 
these brain amines and the sedative effect is also short-lived.’ Based on these findings, 
among others, it has been postulated that a causal connexion exists between the 
pharmacological action of the afore-mentioned drugs on the central nervous system 
and their influence on monoamine metabolism. 

According to the theory of Brodie and co-workers'®: '' 5-HT exists in the tissues 
in “bound” form and only minute quantities are in “free” state. If the pharma- 
cological activity is due to the unbound fraction the sedative action of Rauwolfia 
could be produced by the free 5-HT liberated from the cellular binding sites. A relative 
increase in this free amine would then be more important than the decrease of the 
total 5-HT present. It is difficult to explain, for instance, why Rauwolfia alkaloids 
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produce stimulation instead of sedation in animals pretreated with monoamine oxidase 
inhibitors, like iproniazid.“ After iproniazid treatment these alkaloids can even 
increase the total S-HT content in the brain" and at the same time probably also 
elevate the amount of unbound amine. More evidence for the role of 5-HT has been 
presented," but many of the recent results indicate that the pharmacological effects 
of these compounds on the central nervous system may possibly be related to the 
depression of NA but probably not to that of 5-HT. 

Carlsson et a/2* have shown that 3 : 4-dihydroxyphenylalanine (DOPA), the pre- 
cursor of NA, when given to reserpinized mice and rabbits, will restore normal 
activity presumably by restoring the central catechol amine. The precursor of 5-HT, 
§-hydroxytryptophane, however, was unable to antagonize the tranquilizing effect of 
reserpine. Essentially similar results have been obtained while using monkeys treated 
with deserpidine.”® Carlsson et a/."* have also found that, like NA, the precursor ol 
it, 3-hydroxytyramine (Dopamine) is made to disappear almost completely from the 
brain by reserpine 

It has been demonstrated by Brodie er al.’ while using fluorometric methods that 
reserpine depletes 5S-HT and NA in the rabbit brain stem to the same degree and at the 
same rate. the two curves being superimposable. With biological methods we found, 
however. that after raunescine in rats the depletion of NA in the brain was much more 
pronounced than that of 5-HT.":™* This happened also after a suitable dose of 
reserpine, although not as consistently 17 There was a clear sedative action after a 


dose of raunescine which was able to lower the NA but not the 5-HT content tn the 


brain 

This selec:ive action on brain monoamines has been demonstrated by Pletscher 
et al” by using two benzoquinolizine derivatives. These were found to affect the brain 
content of 5-HT in mice almost equally but the brain content of NA differently. One 
of the compounds was able to release more NA than the other and only the NA- 
releasing compound had a marked sedative effect 

It is of interest that some new drugs, which have some of the actions of reserpine, 
cause depression of the amines mainly in that part of the organism where their site of 
action is most obvious, i.e. centrally or peripherally. Ro 1-9569 (tetrabenazine) 
a benzoquinolizine derivative, releases NA and 5-HT in the brain but does not appre- 
ciably affect NA at peripheral nerve endings.'*-*° It also elicits reserpt ie-like central 
effects but has no marked action on the blood pressure.*° From synthetic reserpine 
analogues SU 5171 exhibits sedative activity and depletes brain 5-HT in low doses, 
but does not depress the blood pressure. On the other hand, another analogue, Sl 


3118 (syrosingopine) is effective in decreasing the blood pressure and releasing peri- 


pheral NA, but considerable higher doses of this compound are necessary to produce 


sedation and depletion of brain NA and 5-HT.*~™ 

In the periphery the reserpine-like drugs probably produce their typical effects by 
making cells unable to bind NA. Which of the two amines Is more important in the 
mechanism of the central action of these drugs is not clear. It is also possible that other 


substances present in the brain cells will still enter the picture. 
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THE SUBCELLULAR LOCALIZATION OF TRANSMITTER 
SUBSTANCES IN THE CENTRAL NERVOUS SYSTEM 
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Abstract he chemical nerve transmitter ne, is thought to be contained in 
I ngs support of this Nypothesis nervous tissue was frac- 
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The evidence Ii tn 
electrophysiologica idies of Katz and co-workers? on the motor end plate. Katz 


t resting junction, miniature end plate potentials of more o1 


observed that even 

less uniform size made their appearance in random fashion. The size of these potentials 
indicated that they were being formed as the result of the release of “quanta” of acetyl- 
choline in amounts of a few thousand molecules at a time. The normal end plate 


potential was shown to be the summed effect of several hundred quanta (about 300 
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Fic. 1. Nerve endings in lizard brain. (a) Myelinated axon; (m) mitochondria; (sv) synaptic vesicles: 
(st) thickening of synaptic membranes; (ncb) neurone cell body. Electron micrograph prepared by 
B. B. Boycott, E. G. Gray and R. W. Guillery. 
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according to the best estimates*) released suddenly over an interval of the order of 
1 msec. 

The electrophysiological and morphological evidence pointing to the existence 
of synzptic vesicles charged with transmitter substance is also supported by the 
biochemical evidence. It has long been known that substances such as acetylcholine 
exist in nervous tissue in a bound, pharmacologically-inactive form in association with 
the insoluble particulate fraction of the cell. While in this form they are immune from 
the destructive action of enzymes such as cholinesterase. 

If synaptic vesicles really exist within the nerve cell as a distinct type of subcellular 
particle, it should be possible to isolate them by means of the same sort of techniques 
as have been successfully used by Schneider, de Duve, Blaschko and others for isolating 
nuclei, mitochondria, microsomes, lysosomes and chromaffin granules. Their success- 
ful isolation and a demonstration that they contain transmitter substance would not 
only be important supporting evidence for the synaptic vesicle theory; it would also, 
by enabling the biochemical make-up and properties of the particles to be studied 
in vitro, throw light on the nature of the transmission process itself, and the mode of 
action of drugs and toxins suspected of interacting with this process. 

Work on these lines is being carried out at the Institute of Animal Physiology, 
Babraham, by Dr. C. O. Hebb and myself*: °. We began by showing that bound acetyl- 
choline and choline acetylase, the enzyme which synthesizes it, have a similar distribu- 
tion in subcellular fractions prepared from homogenates of brain in iso-osmotic 
sucrose. The fractions were prepared by differential centrifugation and the greater 
part was recovered in the so-called mitochondrial fraction. We then showed that the 
particles containing bound acetylcholine could be separated from mitochondria, using 


equilibrium centrifugation in a density gradient. The simplified procedure now used® 
is as follows. The original homogenate of brain in 0-32 


M sucrose is separated by 


centrifugation in integrated fields of 104 and 8 10? g min into a fraction comprised 
mainly of nuclei and cell debris, a crude mitochondrial fraction, and a cytoplasmic 
fraction consisting of microsomes suspended in the soluble constituents of cytoplasm 
diluted with sucrose. The crude mitochondrial fraction is then layered on top of a 
density gradient consisting of equal volumes of 1-2 M and 0-8 M sucrose, and the whole 
centrifuged at 39,000 rev min for | hr in the SW39 head of the Spinco model I 
preparative ultracentrifuge. At the end of the run, the tubes have the appearance 


shown in Fig. 2. The crude mitochondrial fraction has separated into three well 


efined fractions. The first consists of particles less dense than 0-8 M sucrose (4-laver) 


which are visible under the phase contrast microscope as small particles of diameter 


2-5 « (Fig. 3(1)). The second (B-layer), intermediate in density between 0-8 and 1-2 M 
sucrose, consists of very small particles below the limit of resolution of the light 
microscope. The third (C-layer), denser than 1-2 M sucrose, consists of typical small 
rod-shaped mitochondria together with smaller particles. 

Fig. 4 shows the distribution of bound acetylcholine and succinic dehydrogenase, a 
mitochondrial marker, in the various fractions. In the primary fractions, bound 
acetylcholine and succinic dehydrogenase have a similar distribution, about 70 per cent 
of each being recovered in the crude mitochondrial fraction. This parallel distribution 
shows that the bound acetylcholine content of the nuclear and microsomal fractions 
can be accounted for by the contamination of these fractions by particles broadly 
similar in sedimentation properties to mitochondria. By contrast, the distribution 
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of bound acetylcholine in the sub-fractions of the crude mitochondrial fraction is 
quite different from that of succinic dehydrogenase. The bound acetylcholine is seen 
to be associated mainly with the B-layer and the succinic dehydregenase with the 
C-layer. 

Under the electron microscope (Fig. 3(3)), the C-layer, as would be expected from 
its succinic dehydrogenase content, consists mainly of particles (m) having the typical 
internal structure of mitochondria. Compared with mitochondria fixed in situ, these 


appear vesicated, some have lost their outer membranes, or their cristae have shrunk 


and have been drawn to one pole. Many, however, are recognizable as reasonably 
intact mitochondria 

The B-layer (Fig. 3(2)) presents quite a different appearance. Here no mitochondria 
are visible. Instead we have large numbers of very small particles (a) appearing in 
section as simple vesicles (v) and varying in size from about 0-02 « to 0-28 », with a 


Crude mitochondr Microsomes 
fraction and cytoplosm 


Fic. 4. Distribution of bound acetylcholine (black blocks) and succinic dehydrogenase (white blocks) 
in subcellular fractions of guinea pig brain. 


median of 0-065 ». Over 60 per cent of these particle fall within the size range 0-02 to 
0-08 » given by Palay® for synaptic vesicles. The differences in size range of the two 
populations of particles is shown in Fig. 5. Here the percentages of particles possessing 
a given size or less are plotted on a linear scale of probits as ordinates and the size on a 
logarithmic scale as abscissae. The particles of the B-layer (open circles) are seen to 
have a log-normal size distribution; those of the C-layer (solid circles) are also seen to 
be lognormally distributed except at the lower end of the range. However, if the 
C-layer in this experiment is assumed to be 10 per cent contaminated with particles of 
the B-layer, the corrected distribution (crosses) follows a lognormal distribution 
throughout its range. As shown in Fig. 3(3), the C-fraction contains some particles 
morphologically identical with those of the B-layer. 

The characteristics of the B-layer, the size range of its particles, their simple vesicular 
structure and their high content of a transmitter substance, are all consistent with the 
idea that the B-layer represents a crude preparation of isolated synaptic vesicles. 
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Fic. 2. Photograph of a centrifuge tube after separation of a crude mitochondrial fraction of guinea 


pig brain into three sub-fractions by equilibrium centrifugation in a density gradient. A, particles 
less dense than 0-8 M sucrose; B, particles intermediate in density between 0-8 and 1-2 M sucrose: 
C, particles denser than 1-2 M sucrose. 
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Fic. 3. (1) Phase contrast micrograph of fraction A of guinea pig brain. Wet preparation stained with 


osmium tetroxide. (2) Electron micrograph of thin sections of particles of the B-layer fixed “and 

stained with osmium tetroxide and embedded in methylimethacrylate resin. (3) Particles from the 

C-layer similarly treated. The electron micrographs were prepared by Dr. K. M. Smith and Mr. 
G. J. Hills 
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The acetylcholine-containing particles of the B-layer are quite stable for a few hours if 
kept in isotonic media at 0 °C. Amounts of purified cholinesterase capable of destroy- 
ing an equivalent amount of free acetylcholine in a few seconds have no effect on par- 
ticle-bound acetylcholine. On the other hand, if warmed to 37 °C or brought to below 
pH 4-5, all the acetylcholine is quickly released from the particles. 


Fic. §. Distribution of particle size in B- and C-fractions from guinea pig brain. Ordinates: percentage 
of total population having indicated diameter or below, plotted on linear scale of probits. Abscissae, 


particle diameters on logarithmic scale 


A closer study of the conditions bringing about release of acetylcholine support 
Brodkin and Elliott’s’ finding that about half the acetylcholine is bound in a par- 
ticularly labile way. Mild disruptive treatments such as freezing and thawing, suspen- 
sion in hypo-osmotic media, mechanical agitation or treatment with cobra venom 
release about 50-60 per cent of the total acetylcholine; the remainder requires more 
drastic treatment such as treatment with organic solvents, acids, supersonic vibrations 
or incubation at 37 °C for release. These findings are consistent with the idea that part 
of the acetylcholine is held inside the particle in simple solution and requires only a 
small permeability change in the particle membrane for release, while the other part is 
bound more firmly to the matrix of the particle, perhaps by ionic bonds. Experiments 
with ion exchange resins have suggested that ionic links between the acetylcholine 
cation and weak acid groups in the particle could, under certain circumstances, be 


strong enough to account for this latter form and would also account for the effect of 


pH on the binding. 

If the B-layer is indeed a crude preparation of synaptic vesicles, we should expect 
other central nervous transmitters besides acetylcholine to be concentrated there. 
It was therefore of great interest to us to find that bound 5-hydroxytryptamine is also 
specifically concentrated in this layer as shown in Fig. 6. Hydroxytry ptamine particles 
of the type described by Baker* were not present in brain. It is possible that the B-layer 
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is a rich storehouse of other pharmacologically active substances and that the presence 
of a substance there would be prima facie evidence for a transmitter action. 


Bound hydroxytryptamine is released under much the same conditions as acetyl- 
choline. There however, to be important differences in the mechanism of storage 
The close p sm between the distribution of acetylcholine and choline acety- 


state of the latter in particles whose structural integrity has not 


lase,* the 
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re unable to synthesize it. Some preliminary experiments (Fig 

that they can take up hydroxytryptamine from the supernatai 

and that this p1 s is ATP dependent. In contrast to the findings of Walaczek 
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in vivo. These findings suggest 
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that reserpine does not act directly on the storage particles, but indirectly, perhaps by 
influencing the general level of availability of ATP. Walaczek and Abood’s report** 
that reserpine is a decoupling agent in mitochondrial oxidative phosphorylation 
deserves further investigation in this connexion. 


Much more remains to be done in the study of these storage particles from brain, 


but I hope to have demonstrated how this may be expected to lead to further under- 


standing of the mode of action of central nervous system drugs and the release of 


transmitter substances. 


icknow 'edgement I am most grateful to Dr. E. G. Gray for furnishing the electron micrograp! 


shown in Fig. 1 and to Dr. K. M. Smith and Mr. G. J. Hills for the electron micrographs in Fig 


Note added in proof Recent work by E. G. Gray and \V P. Whittaker (J. Physiol. Proc., 9th 


1960) using an improved electron microscopic technique has revealed that the smallest particles in 


B layer are enclosed within thin membranes which become extremely fragile after osmication. The 
small particles within these larger membranes now closely resemble synaptic vesicles as seen in whole 
tissue sections. A comparison of the morphology of the the larger particles with that of nerve endings 
in mammalian cortex indicates that they are in fact pinched-off nerve endings. Occasionally particles 
are seen containing mitochondris in addition to synaptic vesicles and with a portion of post-synaptic 
membrane still adhering to their periphery. 
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